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The incorporation of carbon nanotube (CNT) fillers into polymeric materials can 
improve properties such as tensile strength, conductivity, and thermal resistivity. This has 
led to the manufacture of CNT/polymer nanocomposites (CNT/PNCs) for use in 
commercial products. After consumer use, CNT/PNCs will be disposed of and encounter 
microorganisms in landfills, surface waters, and wastewater treatment plants where 
material transformation and CNT release are possible. In these environments, the ultimate 
fate of CNT/PNCs will be determined, in part, by polymer biodegradation processes. 
A three tiered approach was taken to investigate the role of microorganisms on 
CNT/PNC transformation in the environment. First, the initial interaction of 
microorganisms (Pseudomonas aeruginosa) with CNT/PNC surfaces was assessed using 
CNT mass loadings relevant to those used in products (0.1-10% w/w). The CNT surface 
concentration was well controlled and characterized using a modified X-ray 
photoelectron spectroscopy (XPS) technique as well as scanning electron microscopy 
(SEM). The microorganisms on the CNT/PNC surfaces were LIVE/DEAD stained and 
imaged using confocal laser scanning microscopy (CLSM) to assay the antimicrobial 
properties as a function of CNT loading. The results indicated that CNTs had an 
increasingly cytotoxic effect on the microorganisms when the CNT surface concentration 
was systematically increased. Next, the impact of CNT cytotoxicity on biofilm 
development (cell proliferation), the precursor to biodegradation, at the CNT/PNC 
surface was investigated. Viable biofilm development (P. aeruginosa) was observed on 
top of dead cells that coated CNT/PNCs with high CNT surface concentrations. Since 
viable biofilms were able to form in close proximity to the polymer substrate, the overall 
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transformation of the CNT/PNCs as a result of biodegradation was further investigated. 
CNT/PNCs containing varied CNT loadings were biodegraded and analyzed using 
gravimetric measurements and SEM imaging before and after transformation. 
Supernatants were also analyzed for CNT release using a single particle ICP-MS 
technique. CNTs were found to have an inhibitory effect on biodegradation which was 
strongly dependent on the use of single (P. aeruginosa) versus mixed cultures, aerobic 
versus anaerobic biodegradation processes, and polymer type. The generalizability of the 
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Chapter 1. Introduction to Carbon Nanotube/Polymer Nanocomposites 
 
1. 1. Nanomaterials 
Materials are classified as nanomaterials when they have at least one dimension 
on the nanoscale, typically between 1 - 100 nm. The atomic structure of nanomaterials, 
which are also called nanoparticles, falls somewhere between that of discrete molecules 
existing in exact stoichiometric ratios and bulk materials with less well-defined regions.1 
A nanoparticle is typically considered a colloid, or a microscopically dispersed substance 
(with dimensions up to 1 µm) when it is mixed into another medium such as water, 
organic solvents, or air.2 When nanomaterials are the solid dispersed phase within a 
liquid dispersion medium, they are considered sols. Other sols can include 
microorganisms, natural organic matter, and oils dispersed in water.3 Nanomaterials can 
also disperse into the air; in this case they are called aerosols.4 
Natural nanomaterials have long been present in soils, sediments, natural waters, 
and volcanic dust in the form of carbonaceous clays, soot, and metal oxides while 
engineered nanomaterials are synthesized in the laboratory using a variety of precursors.1, 
5 Engineered nanomaterials are often tailored for specific applications and have 
controlled purity, shape, size, and coatings. With recent advances in microscopy that 
enable characterization and the manipulation of matter at the nanoscale, the production of 
engineered nanomaterials has increased substantially in many applications, which is 
broadly described as nanotechnology.1 In fact, it is estimated that 260,000- 309,000 
metric tons of engineered nanomaterials were produced globally in 2010.6  
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Owing to quantum confinement effects and a large surface area to volume ratio at 
dimensions below 100 nm, unique chemical, mechanical, physical, and optical properties 
have been observed for nanomaterials. This has spurred interest in the many potential 
applications of nanomaterials, as evidenced by the exponentially increasing number of 
publications on the topic each year, the exponential increase in government funding to 
academic researchers working in the field of nanotechnology, and the large number of 
government agencies working in this research area.7 Interestingly, properties such as 
fluorescence, chemical reactivity, electrical conductivity, and magnetic permeability can 
be tuned by varying nanomaterial size. The large surface area to volume ratio also allows 
for enhanced reactivity.1 Engineered nanomaterials can be broadly classified as 
metal/metal oxide, nonmetallic, and carbonaceous.8 Metal/metal oxide nanomaterials can 
include titanium dioxide (TiO2), silver (Ag), zinc oxide (ZnO), quantum dots (QDs), and 
cerium oxide (CeO2) while non-metallic nanomaterials can include hydrogels and 
dendrimers.9-12 In terms of applications, TiO2 and ZnO are photoactive in the UVB and 
UVA range, respectively, and are used in solar cells, catalysis, cosmetics, and sunscreens. 
Quantum dots are used in a wide array electronics due to their high intensity 
luminescence.13 Nano-Ag is often used in fabrics, dietary supplements, food packaging, 
and coatings, to make use of its antimicrobial properties.14 Non-metallic nanomaterials 
such as hydrogels and dendrimers are used in catalysis, drug delivery, and other in vivo 
applications.9, 12 Carbonaceous nanomaterials can include fullerenes (C60), graphene, 
nanodiamond, nanocellulose, carbon nanofibers, and carbon nanotubes.15, 16 
Carbonaceous nanomaterials are employed in a wide range of applications that can 
include electronics, plastic reinforcement, catalysts, and membranes.15 
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1. 2. Carbon Nanotubes 
Carbon nanotubes (CNTs) are novel engineered nanoparticles that consist of sp2-
hybridized sheets of graphene rolled into cylindrical tubes with diameters on the 
nanometer scale and lengths typically on the micron scale. They are considered allotropes 
of carbon. CNTs can be either single-wall (SWCNTs) or multi-wall (MWCNTs) with a 
single cylinder or multiple concentric cylinders of graphene held together by van der 
Waals forces, respectively (Figure 1.1).17  
 
Figure 1.1. A comparison of the structure of a) MWCNTs and b) SWCNTs. 
The high aspect ratio (150 to > 2000) of CNTs along with their mechanical, colloidal, and 
electronic properties have generated much interest in the scientific community with 
respect to their applications and behavior when released into the environment.18, 19 CNTs 
can be more than 1000 times stronger than steel with tensile strengths up to 150 GPa and 
Young’s moduli up to 1.8 TPa. 20, 21 Another extraordinary property of CNTs is their 




CNT types.21 Through reflection loss and absorbance loss, CNTs can be used for 
electromagnetic interference (EMI) shielding applications.22 CNTs are also electrically 
conductive, with metallic CNTs having conductivity as high as 104 S/cm.21  The 
conductivity of CNTs depends on the different possible angles of graphene wall 
wrapping, or the chirality of the tubes. CNTs can wrap in a zigzag, armchair, and chiral 
configuration. Armchair configurations are always metallic, or fully conductive, while 
zigzag and chiral CNTs can be metallic or semi-conducting.23 For electronic applications, 
metallic CNTs are sought after since their electrical resistance is low and ballistic 
transport through the CNT structure allows for excellent conductivity with scattering 
mostly coming from defect sites.24 CNTs are typically produced in batches containing 
both metallic and semi-conducting CNTs and production and purification of metallic 
CNTs is still prohibitively expensive, but progress on more cost-efficient means of 
synthesis are underway.25 The electrical properties of MWCNTs are more complex than 
for SWCNTs since each of the concentric tubes that make up a MWCNT can have a 
different chirality. However, MWCNTs are oftentimes superior to SWCNTs in electrical 
applications since MWCNTs are cheaper.  Furthermore, MWCNT conductivity is not as 
significantly impacted by defect sites on the outer CNT wall as is the case with SWCNTs 
since MWCNTs have inner CNT walls available to “re-route” electrical current past the 
disrupted aromatic network.26  
Four of the major approaches to synthesizing CNTs are chemical vapor deposition 
(CVD), arc discharge, laser ablation, and plasma torch deposition.27-29 CVD is by far the 
most widely used approach; it involves CNT growth on a metal catalyst using a flowing 
hydrocarbon gas as the carbon feedstock such as methane, carbon monoxide, ethylene, 
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and acetylene. The catalytic species are typically spherical transition-metal nanoparticles 
supported by underlying materials such as alumina or silica. In fact, the size of the metal 
nanoparticle can dictate whether or not the CNTs are grown as SWCNTs or MWCNTs 
and can control the number of walls in a MWCNT. This type of approach is typically 
carried out in a tube furnace at temperatures between 500 – 1000 °C. Although the high 
temperatures and the metal catalysts increase cost, this method is easily scaled-up for 
mass production. In this process, residual metals catalysts such iron, nickel, cobalt, and 
yttrium, can become embedded within the CNTs.27, 30, 31 While it is not ideal that the 
CNTs contain metal impurities, the presence of these metal catalysts can allow for 
tracking CNT release and concentration in complex media using single-particle ICP-
MS.30 This technique is described in Section 1.47. A modified version of CVD called the 
HiPco® process, reacts an iron tricarbonyl precursor and high pressure carbon monoxide 
in a continuous flow system to scale up CNT production.32 The second CNT synthesis 
method, arc discharge, involves the use of two high purity graphite rods as an anode and 
cathode within a vessel under a Helium atmosphere. The rods are brought together at a 
close distance (1-2 mm) and a voltage is applied (~25 V) until a stable arc is achieved. At 
this point, carbon atoms ionize at the anode and move towards the cathode, where they 
deposit as CNTs and carbon impurities. As the anode is consumed, the rods are kept at a 
constant distance from one another.31 The third method, laser ablation, also uses a 
graphite target in a controlled atmosphere at temperatures near 1200 °C. In this case, the 
graphite target is vaporized using a laser and the CNTs and carbonaceous material 
condense on a water-cooled target.28 A similar method makes use of a plasma torch and a 
hydrocarbon gas that is flowed through the plasma to deposit carbonaceous material on a 
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water-cooled target.29 Arc discharge, laser ablation, and plasma torch methods tend to 
produce more carbonaceous impurities, such as amorphous carbon and non-tubular 
fullerenes, than CVD.28 However, CVD produces CNTs containing residual metal 
nanoparticles while the other methods do not, except in the case of SWCNT synthesis, 
where metal nanoparticles are required as a seed in all production methods.28, 31 For 
SWCNTs, the metal catalyst seed usually needs to be extremely small (>1-2 nm) and in 
only some cases, is not required for SWCNT growth under very well-controlled laser 
ablation conditions.28, 31 The much tighter processing controls required for SWCNT 
production relative to MWCNT production has led to higher SWCNT prices.33 Overall, 
the four most commonly used CNT production methods are energy-intensive and lacking 
to different degrees in purity.27-29 However, the scale-up, use of low cost feedstocks, 
energy and waste reduction, as well as increasing demand have led to decreasing costs of 
CNTs.33  
CNTs can be purified using a combination of acid and base washing. 
Hydrochloric acid is commonly used to reduce the metal nanoparticle content generated 
by CVD.34 Strong acids such as nitric and sulfuric acid can be used to oxidize the carbon 
impurities on defect sites for suspension and removal, however, these oxidizing 
conditions can also introduce oxygen functional groups onto carbon nanotube defect 
sites.35, 36 This can have a negative impact on the properties of pure CNTs.37  Base 
washing is used to deprotonate and suspend oxidized amorphous carbon species for 
removal by washing or centrifugation.38, 39 Other types of cleaning and purification 
methods involve thermal annealing to oxidize and etch away amorphous carbon, which 
has a different thermal oxidation rate than CNTs, and surfactant separation techniques, 
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which are typically only used for SWCNTs.25, 40 Surfactants have been shown to bind 
selectively to SWCNTs of different species, most notably in terms of CNT chirality 
(graphene wrapping pattern), a property that affects the electronic properties of CNTs. 
The different surfactants can then impart density differences between different CNT 
structures when placed in a density gradient and ultracentrifuged. The CNT species are 
then isolated using established fractionation methods.25 Different variations of this 
technique have also been investigated.41-44 Although complex, this is one of the most 
common methods for separating CNTs by diameter, bandgap, and electronic type for 
purification.25  
CNTs have been widely studied in aqueous media that mimics environmentally 
relevant conditions. Many studies involving aggregation, deposition, and facilitated 
transport have been conducted.45 CNTs have also been oxidized to make them more 
readily dispersible in water, other polar solvents, and polymer matrices using strong 
oxidants and acids such as KMnO4, HNO3, and HNO3/H2SO4.46-49 Oxidation can occur 
readily in the environment through many different mechanisms such as photo-oxidation 
and weathering, increasing the transport properties of the CNTs.50-52 Oxidation 
commonly takes place at defect sites in the sp2-hybridized network, since it is more 
energetically favorable to oxidize these sites rather than break the aromaticity of the pi-
conjugated structure. Defect sites occur regularly at the ends of CNTs but are also 
common along the CNT structure.53 The level of surface oxidation can be measured using 
X-ray photoelectron spectroscopy (XPS), a technique outlined in the next chapter. The 
surface concentration of specific oxygen functional groups can also be tagged with 
fluorine-containing reagents and quantified using XPS. Specifically, chemical 
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derivatization-XPS (CD-XPS) selectively tags hydroxyl, carbonyl, and carboxyl groups 
with 2,2,2-trifluoroacetic anhydride, 2,2,2-trifluoroethylhydrazine, and 2,2,2-
trifluoroethanol with N,N’-di-tert-butylcarbodiimide and pyridine (Scheme 1.1). 
Reactions are carried out separately, in the vapor phase, using the freeze-pump-thaw 
method.53 Other methods available to quantify oxygen functional group concentrations 
include fluorescent tagging, potentiometric titrations, and X-ray absorption near edge 
spectroscopy (XANES).54-59 CD-XPS is one of the more robust methods since the 
reactions are highly selective for each functional group, the technique is fairly 












































Scheme 1.1. Quantification of common oxygen functional group concentrations at the 
CNT surface using CD-XPS. 
1. 3.  The Impact of Carbon Nanotubes on the Environment and Human Health 
The use of CNTs in many applications has prompted concerns over their 
environmental impacts and risks to human health.60, 61 In particular, the carcinogenic 
nature of CNTs, the inherent toxicity of CNTs to a range of organisms in the 
environment, CNT persistence, CNT transport through porous media, the ability of CNTs 
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to adsorb toxic co-contaminants are all issues that have been investigated to varying 
degrees.15, 62-65 Research in these areas has been challenging since CNTs are produced in 
batches of varying lengths, diameters, surface functionalities, and with residual trace 
metal catalysts. The role of each of these variables on CNT transport, transformation, 
fate, and toxicity can be challenging to isolate.61 Nevertheless, a large number of studies 
have helped to provide some generalizations with regards to the impacts of CNTs on 
human health and the environment.33, 62, 64, 66 
In terms of human health, CNTs pose a risk from bioaccumulation throughout the 
food chain, dermal contact from CNT-containing products, and their inherent 
carcinogenicity.62-64 The similarities between CNTs and asbestos, most notably in terms 
of their high aspect ratios, has led to major concern and a multitude of preventative 
measures.63, 67 Asbestos, or hydrated silicates with fibrous morphology, were found to be 
highly carcinogenic in the 1970s after widespread exposure of construction workers and 
consumers to over 3000 asbesto-containing products, the most common type being 
insulation.63 In fact, mesothelioma diagnoses as a result of asbestos inhalation from 
products are expected to continue until 2020.63 Asbestos consist of several forms which 
are broadly classified as serpentines and amphiboles, and have lengths of 0.1 – 200 µm 
and diameters that can reach below the sub-micron level.63 The high aspect ratio 
(length/diameter) of asbestos is markedly similar to that of CNTs. Furthermore, other 
important properties that contribute to the pathogenicity and carcinogenicity of asbestos, 
might also be inherent to CNTs.63, 67, 68 These properties can include biopersistence, 
reactive oxygen species generation, and pulmonary penetration potential which can lead 
to inflammation and the formation of lesions known as granulomas.63, 68 Although CNT 
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carcinogenicity has not been explicitly observed in humans, CNTs have induced 
mesothelioma in mice, most notably when the CNTs were rigid and long.68 This is similar 
to asbestos, which were found to be most problematic when rigid and long due to 
pulmonary penetration and difficulty in lung clearance, respectively. CNTs have been 
found to be less toxic when curved, bundled, and tangled due to minimal pulmonary 
penetration and easier lung clearance.67  These concerns are especially important for 
longer CNTs (up to the mm scale), which are already being produced as sheets, cables, 
and armor.67, 69, 70 So far, specialized steps have been voluntarily taken by companies to 
mitigate the inhalation of CNTs by workers during CNT synthesis, weighing of CNT 
powders, and mechanical abrasion of CNT nanocomposites. Some approaches to 
preventing CNT aerosol inhalation have included modified ventilation, personal 
protection equipment, and nano-hoods.71, 72 Furthermore, as of 2008, CNTs have been 
designated a distinct carbonaceous substance by the Environmental Protection Agency 
(EPA) under the Toxic Substances Control Act (TSCA). This has provided the EPA more 
control over required labeling, the use of PPE by manufacturers, toxicity testing, new 
product reviews, and record keeping.73  
In terms of inherent toxicity in the environment, CNT exposure to aquatic and 
terrestrial multicellular organisms has been primarily shown to have a toxic effect as a 
result of interactions with epithelial cell surfaces. Absorption of CNTs across epithelial 
cell membranes, or uptake by tissues surrounding organs, has not been readily observed. 
For both soil and aquatic organisms, intake of CNTs led to minimal tissue adsorption and 
many cases, CNT clearance from the gut. When toxicity was observed from CNTs in the 
gut, CNT aggregation tended to be more prevalent and the toxicity was attributed to gut 
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clogging. In terrestrial environments, such as soils and sediments, CNTs tend to have a 
minimal ecotoxicological effect at artificially high concentrations (g/kg). The same was 
true of organisms in aquatic environments, however, the inherent toxicity of dispersed 
CNTs in this environment required much lower concentrations (mg/L) to take effect.62 
For microorganisms in controlled laboratory settings, CNT toxicity has also been 
observed both in suspension and at surfaces.62, 74-80 The toxicity observed has been 
hypothesized to be a result of membrane penetration, reactive oxygen species generation, 
and cellular membrane disruption.75, 76, 81-85 CNT toxicity to microorganisms has also 
been shown in many cases, with only a few studies claiming that CNTs were benign.86-88 
This could most likely be a result of varying conditions such as length, diameter, CNT 
purity, aggregation state, and metal content.89 Furthermore, only at artificially high CNT 
mass loadings, was cellular growth affected by the presence of CNTs in suspension.79, 80 
Overall, CNTs have been shown to exhibit cytotoxic effects, but the severity of these 
effects have been localized and minimal uptake of CNTs by epithelial cells has been 
observed.62, 74-80 
CNTs cannot be easily transformed in the environment to more benign products. 
Instead, CNTs tend to persist and have the potential to bioaccumulate in organisms, 
especially when not readily excreted from the gut in an aggregated form.62 Furthermore, 
when CNTs are embedded as a filler in CNT/polymer nanocomposites, they may enhance 
the persistence of the polymer and worsen plastic waste accumulation issues in the 
environment.33, 62, 66 CNT transformations occur by photo-oxidation, usually at defect 
sites in the sp2-hybridized network, directly by the UV component of solar radiation or 
indirectly by reactive oxygen species generation in the presence of Fenton reagents or 
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H2O2. However, photo-oxidation does not lead to complete mineralization of CNTs, even 
with oxidized SWCNTs.51, 52, 90, 91 Biodegradation of CNTs has only been shown to occur 
partially (6.8% mass loss maximum) for oxidized CNTs under harsh enzymatic 
conditions.92-95 Thus, the majority of CNT transformations will not significantly alter the 
CNT structure or remove CNTs from the environment. 
The transformation of CNTs to a more oxidized form or the disposal of already 
oxidized CNTs will have an important effect on CNT transport in the environment. 
Oxidation stabilizes CNTs in aqueous systems through hydrogen bonding, dipole-dipole, 
and electrostatic interactions. Oxygen functional groups also decrease CNT aggregation 
by disrupting pi-pi stacking between individual CNTs.  Thus, oxidation can enhance CNT 
dispersion in aqueous environments and as a result, promote the spread of CNTs from 
one site to other locales.35, 53, 96 The sorption of natural organic matter (NOM) to CNTs 
can also lead to transport through the environment as NOM tends to stabilize CNTs in 
aqueous suspension through steric repulsion and electrostatic interactions.97 NOM 
coatings have been shown to increase uptake of MWCNTs in Daphnia magna, a model 
organism. This led to gut clogging and increased toxicity relative to MWCNTs without 
an NOM coating, which were more poorly dispersed in the media and not as easily 
uptaken.98 NOM coatings may potentially mitigate CNT toxicity by preventing direct 
contact with cells, but this has not yet been validated by experimental data due to 
differences in transport effects between CNTs with and without NOM stabilization. 
Deposition of CNTs onto porous media such as sand and soils has also been shown to 
play a role in CNT transport. The critical deposition coefficient, or the minimal salt 
concentration required for favorable deposition of a colloid onto a surface, is commonly 
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used to measure the degree to which a particle favorably attaches to a surface. The 
particles and the surfaces they attach to both have an inherent charge that can be screened 
by ions of opposite charge. The higher the charge of the ions, the greater the compression 
of this charged double layer. When a particle and a surface are each screened by a critical 
concentration of counterions that allow for a close particle approach to the surface, the 
van der Waals forces between the particle and surface can overcome the electrostatic 
repulsion, leading to deposition.65, 99, 100 A similar interaction can also be observed 
between two colloidal particles that coagulate; the salt concentration at which this process 
becomes favorable is called the critical coagulation coefficient (CCC).3 For both 
deposition and coagulation, a higher CCC and critical deposition coefficient (CDC) have 
been observed with increasing CNT oxidation as a result of the greater number of 
carboxylic acid groups and dipole-dipole moments present on oxidized CNTs as 
compared to pristine CNTs. This indicates that oxidized CNTs are more prone to 
transport than pristine CNTs.99, 100 However, the CCC and CDC concentrations have been 
shown to be more affected by NOM than by oxidation as a result of steric repulsion. 
Lowering the pH also tends to enhance coagulation and deposition more than the level of 
CNT oxidation since a low pH can decrease the negative charge of the carboxylic acid 
groups on CNTs or NOM coatings and requires less charge screening for coagulation or 
deposition to occur. Overall, NOM can transport both oxidized and pristine CNTs, 
leading to their distribution throughout the environment.97, 99 
Not only is there concern about inherently cytotoxic CNTs transporting through 
the environment, but there is also the issue of CNTs facilitating the transport of co-
contaminants.15 Specifically, CNTs can adsorb organic contaminants such as polycyclic 
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aromatic hydrocarbons (PAHs) from synthesis or the environment, petroleum byproducts, 
and disinfection byproducts from wastewater treatment plants.15, 62, 101, 102 In fact, CNTs 
are considered super sorbents, with higher sorption capacity relative to black carbon as a 
result of their high surface area.15 Oxidized CNTs can also adsorb toxic heavy metals 
such as arsenic, lead, and cadmium at the carboxylic acid sites, as has been shown with 
Zn (II) and Cd(II).103 Once co-contaminants are adsorbed, the CNTs can then transport 
them to other locales, leading to biological uptake, cytotoxicity and persistence of both 
CNTs and their co-contaminant.15, 62 
1. 4.  Carbon Nanotube Detection and Quantification in Environmental Media 
1.4.1. Introduction 
Carbon nanotubes are challenging to detect in complex environmental matrices. 
The biggest issue in detecting CNTs is distinguishing the carbonaceous nanomaterial 
from the predominantly carbonaceous background which can consist of natural organic 
matter (NOM), cellular material, and black carbon. Allotropes of black carbon such as 
soot and charcoal are at much higher concentrations than CNTs in the environment, yet 
are indistinguishable with most methods. CNTs can potentially be found in aqueous 
environments, soils, sediments, and wastewater treatment plants. Furthermore, CNTs 
have a broad distribution of diameters, lengths, metal catalyst impurities, functional 
group distributions, and aggregation states which hinders the use of traditional organic 
contaminant analysis such as mass spectrometry and also limits development of a 
universal analytical technique. Nevertheless, several analytical techniques have been 
developed to detect and quantify CNTs in simple and complex media.104 Each of these 
techniques have certain drawbacks, and further research is ongoing as to how to 
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overcome these issues. This list is not exhaustive, but covers some of the most commonly 
used techniques. 
1.4.2. Ultraviolet/Visible Spectroscopy 
Ultraviolet/visible spectroscopy (UV/Vis) is a common analytical method used to 
measure the concentration of a molecular or colloidal species, monitor changes in a 
molecules UV/Vis profile as reactants transform to products, and sometimes to aid in 
structural determination of a compound under investigation, oftentimes in tandem with 
nuclear magnetic resonance spectroscopy (NMR), infrared spectroscopy (IR), and/or 
mass spectrometry (MS). UV/Vis works by transmitting light through a solution, with the 
intensity of the transmitted light reduced by molecular adsorption. The reduced intensity 
of light (𝑰𝑰) reaching the detector relative to the initial intensity of light (𝑰𝑰𝑶𝑶) is 
proportional to the concentration (𝒄𝒄) of the species in solution. The Beer-Lambert law 
(Equation 1) relates the ratio of the incident and detected light intensity to the absorption 
(𝑨𝑨) of light by the molecule. It also shows that the concentration of a compound is 
directly proportional to the light absorption; this relationship remains linear up to an 
absorption of 1. In this equation, the path length through the solution is (𝒃𝒃), and the 
molar absorptivity, (𝜺𝜺), is a measure of how well a substance absorbs light.105 
𝑨𝑨 = 𝐥𝐥𝐥𝐥𝐥𝐥 � 𝑰𝑰
𝑰𝑰𝟎𝟎
� = 𝜺𝜺𝒃𝒃𝒄𝒄  (Equation 1)  
In simple aqueous systems, CNTs can absorb across the entire UV/Vis spectrum. 
Similar to other colloids, CNTs can also scatter light. A combination of absorption and 
light scattering by CNTs reduces the transmission intensity of light to the detector in 
proportion to the concentration of CNTs, thus following the Beer-Lambert law 
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relationship. Wavelengths of 270 nm and 350 nm have typically been used in CNT 
analysis via UV/Vis, since there is minimal interference from salts, acids, bases, and 
many surfactants.91, 99 The molar absorptivity of CNTs can be estimated by preparing 
several CNT suspensions of varying concentration, measuring the absorbance of each 
suspension, and generating a calibration curve. Since CNTs suspended in a solvent 
represent a distribution of diameters, lengths, and impurities, the molar absorptivity 
varies with the CNT batch used. This makes comparing the concentrations of different 
CNT batches challenging. It also prevents concentration determination when the CNT 
type is unknown. One approach has been to use absorbance as a means to compare CNT 
density of different types of CNTs.91 This can be useful in terms of comparing different 
CNT types by a common metric, but is not useful for comparing CNTs on a mass basis, 
or determining the mass concentration of an unknown type of CNT. CNT detection and 
quantification with UV-Vis is limited to very simple systems, as complex media will 
have absorption profiles that interfere with CNT adsorption bands. UV/Vis also has a low 
sensitivity for CNTs (10-1 mg/L or mg/kg).104  
1.4.3. Raman Spectroscopy 
Raman spectroscopy measures the energy of inelastic photon scattering from the 
absorption of high intensity, monochromatic light, usually generated with a laser. This 
light can be ultraviolet, visible, or near infrared. Vibrational energies as well as rotational 
energies can be measured with this method. Photons are absorbed, exciting the molecules 
to a higher virtual energy state followed by relaxation and detection of photon emission at 
a higher (Stokes) or lower (Anti-Stokes) energy state then it had originated from. In order 
for this technique to work, molecules must be polarizable and the laser light must be 
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highly intense to generate detectable emission. Raman spectroscopy can identify and 
quantify the presence of CNTs using the defect (𝑰𝑰𝑫𝑫) and graphitic (𝑰𝑰𝑮𝑮) bands. The 
vibrational defect and graphitic modes measured for CNTs come from disorder and order 
in the sp2-hybridized sidewall structure of CNTs. The ratio (𝑰𝑰𝑫𝑫/𝑰𝑰𝑮𝑮) is often used to 
measure the defect level of CNTs, or the level of oxidation.106, 107 For SWCNTs, the 
diameter can be determined from a vibrational mode called the radial breathing mode 
(RBM).108 Unfortunately, sp2 hybridized carbon from CNTs and from other sources 
cannot be distinguished from one another with Raman. This makes identification and 
quantification in mixtures limited. Furthermore, the detection limits are relatively high, 
on the order of 10-1 mg/L or mg/kg.104  
1.4.4. Near Infrared Fluorescence Spectroscopy 
Near infrared fluorescence spectroscopy (NIRF) measures photon emission from 
vibrational excited states at wavelengths ranging from 800 – 2500 nm. CNT samples are 
excited with a broadband near-IR source, or a laser source of one particular wavelength, 
and a complex spectrum of near-IR fluorescence bands is produced. For SWCNTs, near-
IR bands are produced for different chiralities with the peak area proportional to the CNT 
concentration. This makes the method very powerful in terms of quantifying CNT 
concentration and chirality distribution.109 However, aggregation can significantly quench 
the fluorescence of SWCNTs, and MWCNTs cannot be detected at all with this technique 
since the side-walls cause quenching. Thus, this technique is useful for analyzing 
SWCNTs, particularly when surfactants are used to prevent their aggregation or after 
extraction from complex matrices. NIRF has been shown to work in tandem with 
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extraction of SWCNTs from sediments.62 The detection limits are between 10-3 and 10-2 
mg/L or mg/kg, lower than those of UV/Vis and Raman spectroscopy.104   
1.4.5. Thermal Methods 
Thermogravimetric analysis (TGA) is the most commonly used method to study 
the decomposition of CNTs under controlled thermal conditions. It typically measures the 
change in mass of CNTs as a function of temperature; the TGA profile can then be used 
to estimate mass concentration of CNT and CNT purity. CNTs can usually be 
distinguished from natural water and media whose components degrade at lower 
temperatures. However, there may be some overlaps in the degradation events of CNTs 
and other contaminants (i.e. amorphous carbon, adsorbed solvent) that can make TGA 
data interpretation difficult.  This can be improved by combining TGA with enhanced gas 
analyzers such as FTIR or MS. Furthermore, the effect of the matrix on CNT profiles is 
not always known.104 
Other thermal methods such as total organic carbon (oxidizing all carbon in a 
sample to CO2), TGA-MS (measuring byproducts of thermal degradation with MS), and 
thermal optical transmittance (using optical transmittance or reflectance to determine 
when the volatile organic carbon is removed, and converting remaining carbon to CH4 for 
flame ionization detection) are all different variations of thermally detecting carbon. The 
ability to distinguish between different CNT types has not yet been systematically 
investigated. Extraction can also be used to lower detection limits and eliminate 
interference. TGA has the lowest detection limit of 101 mg/L or mg/kg with decreasing 
detection limits for more sophisticated techniques such as TGA-MS and TOT. So far, this 
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technique has shown substantial variation between different CNTs and requires further 
method development for complex environmental samples.104  
Another thermal method is the microwave technique, which involves heating the 
CNT samples and measuring the increase in sample temperature as a function of heating. 
This increase in temperature is proportional to the concentration of CNTs. This method 
has a detection limit of 10-1 mg/L or mg/kg but has not been tested extensively for 
interference issues.104 
1.4.6. Electron Microscopy 
Electron microscopy can be used to image CNTs at the nanoscale and 
unambiguously identify the presence of CNTs in a given matrix. Transmission electron 
microscopy is the most common electron microscopy technique used to identify CNTs, as 
a result of the high resolution that can be used to distinguish CNT walls and image defect 
sites. Transmission electron microscopy makes use of a focused, high energy electron 
beam (~300 keV) aimed at a thin sample, with the transmitted electrons detected below 
the sample. Electrons that are scattered by the sample do not make it to the detector, and 
heavier elements allow less electron transmission to the detector than lighter elements 
due to a greater electron density. Thus, heavier elements show up darker in TEM images. 
Although TEM can be used to image individual atoms, this is not typically done for 
CNTs since the high energy required for the electron beam at this resolution can damage 
the CNT walls. CNTs are usually imaged for length measurements, structural integrity, 
and structural changes after functionalization. TEM is also used to count the number of 
CNT walls and measure the inner and outer CNT diameters.110, 111 
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TEM is not typically used for concentration determination in an environmental 
matrix. Known volumes of CNT samples have been ultracentrifuged onto filters, and 
counted in several areas from multiple TEM images. However, it becomes impractical to 
count a statistically relevant number of CNTs per area at the ng level expected to exist in 
environmental samples.104  
1.4.7. Single-Particle ICP-MS 
Single-particle ICP-MS (sp-ICP-MS) can be used to quantify CNT mass 
concentration and sometimes particle number in both simple and complex matrices. sp-
ICP-MS makes use of residual metal catalysts from the CVD synthesis process to detect 
CNTs. A particular isotope of a metal particle can be counted as pulses of ions once a 
particle within an individual CNT makes its way through the plasma. In single-particle 
mode, each peak represents a pulse of metal ions that come from metal particles 
embedded within a CNT structure. This requires dilute samples of CNTs (200-800 ng/L) 
to prevent multiple CNTs from showing up in a single pulse. The correlation between 
particle number and CNT mass concentration can be determined using a calibration curve 
(Figure 1.2).30 This is in contrast to traditional ICP-MS where CNTs would first be 
digested in concentrated acid to provide a constant stream of ions to the plasma. This 





Figure 1.2. CNT detection using sp-ICP-MS. The trace metal catalysts from CNT 
synthesis (blue spheres within CNT) are used as a proxy for CNTs in this method. Known 
mass concentrations of CNTs are analyzed for residual metal counts to generate a 
calibration curve, which is then used to assay the concentration of CNTs in a matrix. An 
example of sp-ICP-MS data output is shown on the bottom right inset. 
sp-ICP-MS is by far the most sensitive method for detection of CNTs, with 
detection limits at the low parts-per-trillion level. However, the CNT type has to be 
known, the metal nanoparticle has to be uncommon in the environment to prevent 
interference from the matrix, and it is challenging to ensure that CNT particles are 
individually dispersed and to ensure a pulse is the equivalent of only one CNT. 
Additionally, since the metal catalysts embedded in the CNTs vary in size and number, 
pulse height/intensity (counts) may vary from tube to tube. Metals such as Ni, Y, Co, and 
Mo have been successfully used to detect and quantify CNT concentration. Residual iron, 
however, has proven challenging to use as a proxy for CNT detection since an oxidized 
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argon isotope interferes with the major isotope of iron (56Fe). This is problematic since 
many CNT types contain iron, and can be challenging to work around by detecting other, 
less abundant isotopes of iron.30 One other disadvantage of sp-ICP-MS is that many types 
of CNTs made using arc-discharge and laser ablation do not typically contain metal 
nanoparticles. Nevertheless, this technique has significant advantages in terms of 
detection limits when the CNT type is known and contains an exotic trace metal catalyst. 
In this research, CNT release was measured from polymer nanocomposites using this 
method, which will be discussed in later sections.30, 104 
1. 5. Polymers  
Polymers are large molecules made up of smaller, repeating units called 
monomers.112 Polymer chains composed of two or more different types of monomers are 
called copolymers and can be arranged in a random, alternating, or block configuration. 
The number of monomer units in a polymer is called the degree of polymerization. 
Polymers can be linear or branched, have covalent cross-linking between chains, and be 
packed in varying degrees of ordered to disordered configurations. These areas are called 
crystalline and amorphous regions, and both types of regions can exist in a polymeric 
material.113, 114 Polymers can be broadly grouped into two categories: synthetic polymers 
and biopolymers which have feedstocks that originate from petroleum or by biological 
organisms, respectively. Both synthetic polymers and biopolymers are ubiquitous in 
society since they are used in construction, transportation, packaging, and consumer 
products. Biopolymers are found in the environment, organisms, and the human body in 
the form of polysaccharides, polypeptides, and polynucleotides.112   
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Four of the most common types of polymers are thermosets, elastomers, oriented 
polymers, and thermoplastics. Thermosetting polymers are cross-linked and cannot melt 
upon heating while elastomers are thermosets with rubber-like properties. This means 
that elastomers have all of the general properties of thermosets but can also be stretched 
and reverted back to their original shape. Elastomers tend to have a smaller degree of 
cross-linking, which allows them to crystallize upon stretching. However, the van der 
Waals forces in the crystalline form are not strong enough to hold the polymer together 
after the stretching force is removed. Some common thermosets include epoxy resins, 
polyurethanes, and polyester resins while some common elastomers include silicone and 
rubber (cis-polyisoprene). Oriented polymers are another class of polymers that can be 
stretched and packed together in a new, more ordered configuration.113 One of the most 
commonly used classes of commercial polymers are thermoplastics, which can be 
repeatedly molded and shaped above their melting temperature. The word “plastics” is 
often used synonymously with “polymers,” but plastics are synthetically derived 
thermoplastics, which are only one class of polymers. The low cost and ease of 
production has led to an increase in the use of thermoplastics in everyday life.   
Since thermoplastics are one of the most commonly used polymers in consumer 
products, both synthetically and biologically derived thermoplastics was used in this 
research. Synthetically derived thermoplastics such as polyurethane, polyethylene, and 
polystyrene, are made from petroleum resources and make up the largest fraction of 
polymers used in consumer products.112 Biologically derived polymers, or biopolymers 
used in products, are typically synthesized from pre-cursors produced by plants, fungi, 
and algae. These pre-cursors are more sustainable than petroleum resources and 
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sometimes more cost-effective which has led to their increasing use in consumer 
products.115, 116 Some common biopolymers include cellulose, starch, and 
polyhydroxyalkanoates.116-119 In many cases, bio-derived and synthetic polymers can 
have poor properties which sometimes makes them impractical for use in applications.  
Thermoplastics are often hard at room temperature but can be molded when 
heated since the polymer chains can slip past one another; the temperature as which the 
chains can start slipping past each other is called the glass transition temperature. There 
are both crystalline and amorphous regions within a thermoplastic, and as the fraction of 
crystallinity (Xc) increases, thermoplastics tend to become denser, harder, and more 
resistant to thermal, chemical, and biological degradation.114 Similar to impurities, the 
molecular weight of a polymer can affect the fraction of crystallinity since an increase in 
chain ends are considered an increase in the number of impurities that can disrupt the 
packed, ordered crystalline regions of the polymer. The fraction crystallinity is usually 
measured using the heat of fusion determined by differential scanning calorimetry, which 
is described in Chapter 2.112 
Polymers are often modified for cost or to tailor their properties for a given 
application. Polymers and copolymers are sometimes combined to generate polymer 
blends, which is typically an approach to lower cost. Diluting one polymer with a cheaper 
polymer type can save money without affecting performance. In contrast to blends, 
composites contain two or more material components within a polymer matrix. Polymer 
composites are most commonly used to replace metals with materials of lighter weight 
but similar mechanical strength.112 For example, the 787 Dreamliner has replaced 50% of 
the primary airplane structure with unidirectional carbon fiber/epoxy composites, which 
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has increased the fuel efficiency by 20% and extended the airplane’s range. The use of 
carbon fiber/epoxy composites has also improved the tensile strength to 1,724 MPa 
compared to 600 MPa for aluminum alloys.120 A substance that is added to a polymer 
matrix is called an additive which can be broadly divided into several categories: 
platicizers, stabilizers, colorants, flame retardants, and fillers.112, 121 Plasticizers are often 
used to improve the flexibility of polymers by disrupting ordered regions across the 
polymer. These types of additives are sometimes controversial since they commonly 
consist of phthalates, which are known endocrine-disruptors. Bisphenol A (BPA) is one 
phthalate that is an excellent plasticizer but has been banned to improve product safety 
since BPA can leach from plastics and epoxy resins over time.122 Stabilizers, such as 
amines, carbon black, and lead oxides, are used to slow degradation of polymers by 
sunlight and oxygen. Colorants and flame retardants are chemical additives that provide 
pigment and flame resistance, respectively, to products. Fillers, the focus in this thesis, 
are a second material component added to a polymer matrix to improve its properties.112, 
121 Fillers can take a variety of forms (e.g. fibers, spherical particles, and chemicals) with 
sizes as large as millimeters and as small as nanometers. The type of filler under 
investigation in this research are nanofillers, which have at least one dimension on the 
nanoscale from 1 - 100 nm. When nanofillers are incorporated into polymer matrices, the 




Scheme 1.2. Incorporation of nanofillers into polymer matrices to produce polymer 
nanocomposites. 
1. 6.  CNT/Polymer Nanocomposites 
CNT/polymer nanocomposites (CNT/PNCs) are prepared to modify or improve 
the structural and functional properties of a polymer.124-133 Structural properties such as 
tensile strength, toughness, and elastic (Young’s) modulus can be improved using fibrous 
nanomaterials, such as nanocellulose, carbon nanofibers, and carbon nanotubes.33, 125, 128-
131, 134 These properties are defined by stress and strain: stress is the force applied per area 
while strain is the change in polymer length with respect to the original length during an 
applied stress. Stress and strain are measured with a universal tensile strength machine 
which measures the force per area (stress) as a material is stretched to specified distances 
(i.e. strained). Tensile strength is defined as the maximum stress applied to a material 
prior to fracture. Toughness is the amount of energy absorbed during fracture, or the area 
under the stress/strain curve. Young’s modulus is the slope of the stress-strain curve 




the more stress needed to be applied to deform the polymer.114 The tensile strength, 
toughness, and Young’s modulus have all been shown to improve for various polymers 
after CNT incorporation into the polymer matrix.33, 125, 128-131, 134 Other functional 
properties, such as electrical conductivity, light adsorption, flame retardancy, thermal 
stability, magnetic permeability, have also been improved or provided through the 
incorporation of carbon nanotubes.135-138 Since carbon nanotubes can improve both the 
structural and functional properties of a polymer, they have become one of the most 
widely used nanoparticle fillers in consumer products. In fact, CNT production is 
estimated to be 380 ton/year (scaled to EU GDP) with the largest fraction of 
manufactured CNTs used for nanocomposite production. In general, CNTs are considered 
the third most produced nanomaterial (TiO2 > ZnO > CNT > Ag > C60) when materials 
that consist of both nano and larger particles are not included (e.g. iron, silicon, cerium 
and aluminum oxides).6, 139 
Carbon nanotubes can improve the structural properties of a polymer without 
significantly increasing polymer weight. Thus, CNTs are used in sporting equipment such 
as tennis rackets, golf clubs, and baseball bats. This has also led to the use of CNTs in 
boat hulls, helicopter blades, and airplane hulls and wings.33, 124, 140-144 In aerospace 
applications, incorporation of CNTs can enhance electrical conductivity, allowing for 
dissipation of electricity during lightning strikes, and EMI shielding for cables. Aligned 
CNTs have been used by Lockheed Martin for aerospace applications in defense but have 
not yet been prominently used in commercial aircraft.120, 145 The use of CNTs in polymer 
composites has not yet reached that of carbon fibers, especially in aerospace applications 
and construction.20 Carbon fibers (CF) are fibrallar sheets of graphenic carbon, stacked 
29 
 
either along the fiber axis or perpendicular to the axis, the latter CF type generally 
produced using CVD. 95% of commercially available carbon fibers are stacked parallel 
to the fiber axis and are derived from polyacrylonitrile (PAN) using electrospinning 
techniques followed by heat treatment to carbonize the fibers (>1000 °C, at least 92% C), 
and sometimes graphitization at even higher temperatures (2500 °C). Carbon fibers 
typically have aspect ratios greater than 1:100 (diameter/length) and diameters on the 
micron scale. Carbon fibers can also be prepared with diameters of 50-200 nm, and in 
this case, are called carbon nanofibers.146, 147 Commercially available CFs can have a 
Young’s modulus as high as 900 GPa, a tensile strength up to 6.4 GPa, and an elongation 
at break of 2.2%. In contrast, CNTs can have a Young’s modulus as high as 1800 GPa, a 
tensile strength up to 150 GPa, and an elongation at break of 15%. However, when 
embedded into a polymer matrix, the higher mechanical strength of CNTs relative to CFs 
has not always translated to better improvement of the polymer properties by CNTs. This 
has been attributed to the difficulty in dispersing CNTs into polymers (especially longer 
CNTs which provide the best mechanical properties), debundling CNTs, aligning CNTs, 
generating strong interfacial interactions between the CNTs and the matrix, and purifying 
CNTs. As a result of these issues, CNTs often impart sub-optimal properties on a 
polymer matrix. Furthermore, the higher production costs of CNTs ($0.5 - $136/g for 
MWCNTs) relative to carbon fibers ($0.037- $1.8/g) combined with the challenges of 
CNT incorporation into polymer matrices has led to a lag in CNT/PNC production (2011 
production costs).20, 129 Nevertheless, the enhanced properties of CNTs relative to carbon 
fibers and the continuously improving technology for production of pure and long CNTs 
at a low cost indicates that their use in products will continue to increase.129, 148  
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CNTs are already incorporated into “Kevlar-like” backpacks, lightweight armor, 
headphone speaker diaphragms and spools of wire that are strong, durable, and 
electrically conductive.33, 70 Functionally, CNT/PNCs are used as linings in fuel tanks and 
filters to dissipate charge such as in the Audi A4 and A5 models.33, 149 They are also used 
for charge dissipation in electronic packaging materials and battery linings. Furthermore, 
CNTs have been commercially used in paints and coatings to reduce marine organism 
growth on boat hulls. In this configuration, CNTs provide a nanostructure underlayer to a 
silicone or fluoropolymer surface containing a low free energy of cell attachment, further 
limiting the anchoring of marine organisms such as barnacles to the nano-structured 
surface.143, 150, 151  
In many commonly used plastics, such as polyethylene, polyethylene 
terephthalate, and polystyrene, the addition of CNTs can enhance polymer properties.112 
The majority of these types of polymers are synthetically derived from petroleum sources 
and are commonly used without added CNTs. However, addition of CNTs can enhance 
the already desirable properties of a polymer or make the polymer multifunctional.33, 140, 
152 CNTs have also been useful as additives in polymers that have some but not all of the 
properties required to make the polymer useable in a particular application. For example, 
synthetically derived poly-ɛ-caprolactone is ideal for use in the body but requires the 
inclusion of CNTs for improved mechanical strength and temporal stability in tissue 
scaffolding applications.153-155 At the other end of the spectrum, the incorporation of 
CNTs can transform the properties of polymers whose nascent properties preclude their 
use in many products and applications.116 Bio-derived polymers, in particular, often have 
physico-chemical properties such as low melting points, poor tensile strength, and 
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minimal conductivity, which prevents or limits their use in a range of applications.115, 116 
However, there is considerable interest in the manufacture and use of bio-polymers 
because of their low production costs that result from the minimal number of synthetic 
steps required and the use of renewable precursors that are derived from microorganisms, 
plants, and fungus.115, 116  Even at low mass fractions, CNTs can dramatically improve the 
properties of these more cost-effective, bio-derived polymers.116  For example, it has 
been shown that < 1% w/w MWCNTs can increase the stiffness of starch by 70%.156 
Furthermore, addition of only 0.8% w/w oxidized MWCNTs (O-MWCNTs) to chitosan, 
a bio-derived polymer used in food packaging and filtration, has been shown to improve 
the tensile modulus and strength by 93% and 99%, respectively.157-160 
1. 7.  Life Cycle of CNT/PNCs 
The use of CNT/PNCs in consumer products has many advantages, but concern 
has arisen over the environmental impacts and human health and safety along the life 
cycle of these products. The life cycle includes manufacture, consumer use, disposal, and 
sometimes reuse.161 During manufacture, worker exposure from aerosol generation 
during abrading, sanding, and cutting of CNT/PNCs has been considered. In general, 
when CNT/PNCs were exposed to a Taber abrader, minimal CNT release was observed 
from several different polymer matrices (e.g. epoxy, polyurethane, polyamides) while 
released particles containing embedded and exposed CNTs were prevalent.4, 162-165 During 
manufacture, respiratory health is considered most at risk during compounding of CNT 
powders and polymers to generate dusts, treating CNT/PNCs during recycling processes, 
and uncontrolled incineration of the polymer matrix to release CNTs which require a 
much higher temperature to burn.161, 162  
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During consumer use, products are expected to be coated or in many cases carbon 
nanotubes will be buried within the polymer matrix. The main concern during consumer 
use is wear, which could lead to CNT exposure and potential release.166 Design of 
CNT/PNCs to minimize CNT exposure is the main approach to protecting human health 
and safety at the use stage of the CNT/PNC life cycle.73 Following consumer use, 
CNT/PNCs will be properly disposed of in landfills and incinerators or improperly 
disposed of in the environment. CNT/PNCs can end up in soils, surface waters, and 
sediments and CNT/PNC fragments may even make their way to waste water treatment 
plants (WWTP).33, 62, 66 Many studies have provided a basic understanding of CNT 
behavior in the environment but most studies have not yet focused on the behavior of 
CNTs in a solid phase matrix.167 Since one of the most important CNT applications 
involves their incorporation into polymers for commercial applications, the behavior of 
this nanocomposite material in the environment requires substantial investigation as well. 
152, 168-170 However, limited information on the types of CNT/PNCs available in 
commerce has previously limited full investigation of CNT release scenarios. Since 
CNTs are now listed under the TCSA (as of 2013), better tracking of CNT/PNC products 
and research on CNT release from actual products on the market can be undertaken.72, 73 
Once disposed of in the environment, CNT/PNCs can be subjected to aging 





Scheme 1.3. Potential release pathways of CNTs from CNT/PNCs. 
CNT/PNCs can undergo wear under any type of mechanical strain experienced in 
transport, compacting, and agitation.161, 162 Thermal degradation can occur in incinerators 
and fires. CNTs require temperatures in excess of 800 °C to degrade, and in the case of 
incinerators and fires, this can be accomplished.62, 171 As far as weathering, conditions 
such as acid rain, alkaline soil, and humidity can have an effect on the CNT/PNC 
transformation. Most importantly, UV-weathering in the presence of oxygen can break 
down polymer matrices to oxidized, smaller molecular weight polymer chains that can 
dissolve or be subjected to biodegradation.62, 162 Photolysis of CNT/PNCs that include 
polystyrene, epoxy, polyurethane, and polyamides have been investigated using 
MWCNTs. In these studies, the polymer matrix was transformed by oxidation and chain 
scission. In all cases, CNT accumulation was observed at the CNT/PNC surface. 
Furthermore, mass loss inhibition was sometimes observed and CNT release tended to be 
minimal during photolysis.162, 163, 172, 173  
1. 8.  Microbial Interactions and Biodegradation of CNT/PNCs 
CNT/PNCs are likely to encounter a wide variety of microorganisms in the 
environment. Microorganisms are present in landfills, surface waters, soils, sediments, 







and wastewater treatment plants where plastic waste is commonly discarded following 
consumer use. Since disposal of CNT/PNCs at these sites is also inevitable, the 
interactions of microorganisms with CNT/PNCs as well as the transformation of 
CNT/PNCs by biodegradation warrants investigation. Polymer biodegradation is 
typically initiated by attachment of microbes to the surface, the proliferation of microbes 
at the surface to form communities called biofilms, and the release of extracellular 
enzymes from the biofilms to degrade the polymer substrate for use in microbial 
metabolism (Scheme 1.4).117, 174-176 Most polymers are initially fragmented into shorter 
polymer chains by enzymes prior to being taken up and broken down further within the 
microorganism. Full biodegradation ultimately leads to the transformation of polymers to 




Scheme 1.4. Three steps of microbial interactions with CNT/PNCs. 
The effect of CNT fillers on the microbial transformation of polymers has not yet 
been studied. However, the cytotoxic effects of CNTs on microorganisms has been 
generally observed, except in a few cases.28, 42-48, 86-88 Therefore, it is unclear if CNTs will 
be cytotoxic to microorganisms at the surface of CNT/PNCs and if CNTs will have an 
effect on the ability of microorganisms to biodegrade the polymer matrix. This has 
implications for the fate and exposure of the CNTs in the polymer matrix and the 
persistence of CNT/PNCs in the environment. The approach used in this study was to 
assess the initial interactions of microorganisms with CNT/PNC surfaces, biofilm 
formation on CNT/PNCs with different surface characteristics, and the effect of CNT 
incorporation on polymer biodegradation to evaluate the long term fate of these novel 
materials. 
In order to first understand the effect of CNT/PNCs on a simple, model system, 
the gram-negative bacterium Pseudomonas aeruginosa was chosen. Single culture 
conditions are not necessarily representative of all types of microorganisms in the 
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environment or the synergistic ability of a microbial community to degrade a 
contaminant, but P. aeruginosa is ubiquitous in the environment and can provide a 
straightforward assessment of microorganism interactions with CNT/PNCs, growth on 
CNT/PNCs, and biodegradation of the CNT/PNC polymer matrix during this process.178 
The first stage of this study involved the preparation of CNT/PNCs with controlled CNT 
concentrations (0 – 10% w/w) at the polymer surface, characterization of these 
CNT/PNCs using SEM and a newly developed X-ray photoelectron spectroscopy 
technique (highlighted in Chapter 2), and exposing the CNT/PNCs for one hour to 
Pseudomonas aeruginosa, to determine the fraction of living and dead cells that attached 
to the surfaces using LIVE/DEAD viability staining coupled to confocal laser scanning 
microscopy (CLSM), which is further described in Chapter 3. The second stage of this 
study investigated biofilm development, or the proliferation of microbial communities on 
CNT/PNCs that accumulated CNTs at the surface, initially contained CNTs at the 
surface, and had a low and a high CNT loading. Lastly, the overall fate of the CNT/PNCs 
with regards to biodegradation, or the enzymatic degradation of the polymer matrix by 
microorganisms, was investigated in the presence of P. aeruginosa as well as mixed 
cultures. 
Many synthetically and biologically derived polymers are biodegradable, or able 
to break down to smaller molecules and eventually CO2 and water in the presence of 
microorganisms. These polymers tend to have poor properties that can be improved by 
adding a small mass fraction of CNTs. This is particularly true for both synthetic and bio-
derived polymers that exhibit poor physico-chemical properties such as PCL, poly(vinyl 
alcohol) (PVOH), poly(butylene succinate) (PBS), poly(ethylene succinate) (PES), 
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starch, cellulose, and polyhydroxyalkanoates (PHA) which are known to biodegrade on 
the order of days to months.116-119 Furthermore, polymers such as chitosan and 
polylactides (PLA) can biodegrade on a slower time scale or more rapidly when blended 
with more highly degradable polymers.117, 179, 180 The chemical structures of a few 
biodegradable synthetic and bio-derived polymers are shown in Figure 1.3. Other 
polymers, are typically persistent with respect to biodegradation, but abiotic degradation 
by UV-weathering can facilitate polymer biodegradation over time by oxidation and 
chain scission to lower molecular weight species that are more metabolically accessible 
to microorganisms than the original polymer.51, 52 181 Consequently, there is the potential 
for CNT exposure and release into the environment as a result of microbial degradation 
when many types of polymer nanocomposites are discarded at the end of consumer 
use.112, 116, 118, 182 For this reason, two model polymers, one synthetic and one bio-derived, 
were chosen to investigate the transformation of CNT/PNCs in the environment. These 
polymer types were also chosen since they could biodegrade at different rates under all of 
the conditions studied, but were both able to biodegrade on an experimentally relevant 
time scale (days – months). This approach provided insight into the effect of CNTs on a 
polymer that was more persistent relative to a polymer that was more rapidly 
biodegradable, enabling some generalization to biodegradation of more persistent 




Figure 1.3. Chemical structures of biodegradable synthetic polymers and bio-derived 
polymers. 
First, detailed understanding of CNT/PNC transformation was obtained under 
single culture conditions in the presence of P. aeruginosa. The initial microbial 
interactions and biofilm studies provided mechanistic insight into the biodegradation 
behavior of CNT/PNCs under these conditions. For greater environmental relevance, 
albeit with less control over the system, further investigation of CNT/PNC 
biodegradation was assessed under both aerobic and anaerobic mixed culture conditions.  
Primary effluent and digestor sludge from the Back River Wastewater treatment plant in 
Baltimore, MD were used as the aerobic and anaerobic mixed cultures, respectively. 
Since mixed culture conditions accelerated polymer degradation relative to single culture 



















































transformation. Overall, the effect of CNT additives on polymer biodegradation was 
studied for several reasons: to assess the risk of CNT exposure and release, determine 
whether CNT incorporation will change the persistence of polymers in the environment, 
and thereby provide guidelines for selection of an appropriate CNT/PNC type in a 
particular application.  The overarching goal was to determine when, if ever, the benefits 
of using CNT additives in polymers during consumer use may be compromised by the 
ultimate fate of the CNT/PNC when it biodegrades in landfills, surface waters, and/or 
wastewater treatment plants.33, 62, 66, 116, 183 
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Chapter 2. Carbon Nanotube/Polymer Nanocomposite Preparation and 
Characterization 
 
2.1. Polymer Grafting, Solution Blending, and Melt-Mixing/Extrusion 
There are three methods available for the production of carbon nanotube 
(CNT)/polymer nanocomposites (CNT/PNCs) in research laboratories and industrial 
settings. These methods include polymer grafting, solution blending, and melt-
mixing/extrusion, which generally produce excellent to poorer CNT dispersion qualities, 
respectively.1-4 A homogeneous CNT dispersion quality is necessary for CNTs to impart 
their beneficial properties to a polymer matrix, and dispersion quality is generally 
optimized in consumer products according to cost and application.5-9 In all three 
production methods, the best approach to achieve homogeneous dispersion quality is to 
match the polymer matrix polarity with that of the CNT polarity and provide a high shear 
energy during mixing of the two materials. This minimizes the formation of 
heterogeneous phases of CNT aggregates and polymer chains throughout the matrix.3, 4, 10 
The CNT polarity can be varied by mild to strong acid oxidation, which can be controlled 
by refluxing CNTs in acid for short to long periods of time, respectively.11, 12 The 
downside of oxidation is that it can cause sidewall damage to CNTs which can negatively 
affect some of their beneficial properties. However, the more homogeneous dispersion 
quality achieved with oxidized CNTs has been shown to lead to improved CNT/PNC 
properties, sometimes balancing out the CNT functionality loss caused by CNT 
oxidation.13 CNTs can also be modified with surfactants to match their polarity with that 
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of the polymer matrix. In this case, the surfactant must be carefully selected so that it 
does not affect the performance of the CNT/PNC.14-19  
The first method of CNT/PNC production, polymer grafting, involves anchoring a 
polymer chain “to” or “from” a CNT surface (Figure 2.1). This approach typically 
requires the CNTs to first be oxidized to contain oxygen functional groups that can serve 
as a grafting point for polymer chain attachment or growth. Grafting a polymer “to” a 
CNT involves covalent attachment of a pre-formed polymer chain to a CNT while 
grafting a polymer “from” a CNT involves growing a polymer chain “from” a CNT 
surface using monomer units. Both methods have disadvantages: the grafting “to” 
approach requires the attachment of macromolecular polymer chains to the CNT, and 
only a few of these attached polymer chains can sterically hinder diffusion of more 
polymer chains to the CNT surface for reaction. For the grafting “from” approach, strict 
conditions are necessary for control over the polymerization, which is often challenging 
with CNTs in suspension. However, this technique does not face the same steric 
hindrance issues that the grafting “to” technique faces. Since the same polymer used as 
the polymer matrix in the CNT/PNC can be grafted onto the CNT, the polarity of the 
CNT can be matched exactly with the polymer matrix and lead to excellent CNT 
dispersion quality.4 CNTs with polymer grafts can be incorporated into polymer matrices 
using solution blending or melt-mixing techniques, as described below. However, control 
of the oxygen functional group grafting sites between different batches of CNTs can be 
challenging. Furthermore, this is the most expensive and time-consuming method to 
incorporate CNTs into polymers due to the many required synthetic and purification steps 
and is impractical for large scale production.3, 4  Thus, this method has only been used in 
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academic research or for production of CNT/PNCs in electronic devices that require fine 
control of the CNT percolation network.20-22  
 
Figure 2.1. A comparison of polymer grafting, melt-mixing/extrusion, and solution 
blending approaches for preparation of CNT/PNCs. 
The second method of CNT incorporation is solution blending, in which CNTs 
are first suspended in a solvent that can also dissolve the polymer of interest. The solution 
containing dissolved polymer and suspended CNTs is called the CNT/PNC casting 
solution. The solvent can be removed through a variety of means such as evaporation 
(with or without heating), spin-coating, and spray-coating/nebulizing (Figure 2.1).1, 2 In 
this case, the polarity of the solvent, polymer, and CNT all have to be well matched to 
generate a well-dispersed CNT/PNC. Oftentimes, trial and error are required to optimize 
conditions for homogeneous CNT/PNCs.3, 4, 10 Small concentrations of surfactants are 
also needed in some cases to match the polarity of the CNTs with that of the solvent.14-19  
The CNT suspension is typically sonicated using an ultrasonic bath and either sonicated 
Solution 
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for a longer period of time once the polymer is added or stirred until the polymer has 
fully dissolved in the solvent.1, 2 If the polymer is further sonicated with the CNT 
suspension, care must be taken to sonicate the polymer for the same amount of time in all 
samples and with sonicators of consistent power since polymer chain scission can occur 
during this process. Chain scission can lower the molecular weight of the polymer and as 
a result, enhance biodegradability.23 Therefore, consistency is vital for CNT/PNC 
preparation using solution blending coupled with polymer sonication. Solution blending 
is the most cost-effective CNT/PNC preparation method on the research lab scale since it 
does not require sophisticated equipment for CNT/PNC processing.3 However, this 
method requires a significant amount of trial and error, is not environmentally friendly in 
terms of organic solvent evaporation, and cannot be easily scaled up. However, 
CNT/PNCs made using solution blending can have a homogeneous dispersion quality 
once optimized and reproducible CNT/PNC batches can be prepared for controlled 
research studies.1, 2 For this reason, solution blended CNT/PNCs were the most common 
type of CNT/PNC used in this research.   
Melt-mixing coupled to extrusion is the third technique used to generate 
CNT/PNCs. This method involves heating a polymer past its melting point, adding a 
CNT powder or CNTs dispersed in a solvent, and mechanically shearing the melted 
polymer with the CNT down the length of a single or double extrusion screw (Figure 
2.1). At the end of the extrusion screw, the mixture is discharged and simultaneously 
cooled to form a CNT/PNC fiber, ribbon, or sheet. The CNT/PNC can then be run 
through the melt mixer/extruder for several cycles to generate a well dispersed 
CNT/PNC. Furthermore, the CNT/PNC can be shaped using heated molds and presses.3, 
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24, 25 Melt mixer/extruders range in size and capacity, with some used at the gram scale 
and others used at the kilogram scale.26, 27 Therefore, this method can be easily scaled up 
and is the most widely used method of CNT/PNC production in industry for 
manufacturing. However, at the academic research scale, melt-mixer/extruders can be 
cost-prohibitive. Furthermore, CNT/PNCs produced using melt-mixing tend to have the 
poorest dispersion quality since the shear forces produced are not usually as strong as 
those provided by ultrasonication.1, 2, 28 Nonetheless, this method is often sufficient for 
CNT/PNCs with enhanced mechanical strength or functional properties that do not 
require fine control of electronic properties.28 
2.2. Polymers and Carbon Nanotubes Used 
Throughout this thesis research, three types of polymer matrices were modified 
with CNT fillers using solution blending techniques modified from other protocols: 
polyvinyl alcohol (PVOH), poly-ɛ-caprolactone (PCL), and polyhydroxyalkanoates 
(PHA).29-37 Other CNT/PNCs made of chitosan, polycarbonate (PC), polylactides (PLA), 
polyvinyl acetate (PVA) and lignin polymer matrices were also prepared and tested, but 
had issues ranging from inherent antimicrobial properties, slow biodegradation rates, 
poor dispersion quality and brittleness.38, 39 PVOH, PCL and PHA were found to be ideal 
for use in this research for a variety of reasons (Figure 2.2).  
 










PVOH PCL PHA 
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Specifically, as outlined in Chapter 3, oxidized multi-wall CNTs (O-MWCNTs) 
could be homogeneously incorporated into PVOH using a spray-coating technique with 
O-MWCNT and oxidized single-wall CNT (O-SWCNT) concentrations at the 
CNT/PVOH surface representative of the mass concentration prepared in the casting 
solution. This allowed for control over the CNT surface concentration in contact with 
microorganisms in the initial interactions study. Furthermore, CNT/PVOH 
nanocomposites easily adhered to glass slides, allowing for microscopy of 
microorganisms at their surface. PCL and PHA were ideal for biofilm studies and 
biodegradation studies since they did not dissolve in water over time, were biodegradable 
on a feasible laboratory time scale (weeks – months), were able to be prepared without an 
underlying substrate, and were able to achieve a highly homogeneous CNT dispersion in 
their matrices using a small quantity (4 % w/w ethyl cellulose) of ethyl cellulose (EC), a 
natural and biocompatible surfactant. Similar to a few other studies, this surfactant was 
found to stabilize the CNTs during preparation of the casting solution in all solvents used 
(tetrahydrofuran, chloroform, and dichloromethane).10, 40-42 PCL and PHA were also used 
since both pristine and slightly oxidized MWCNTs (LO-MWCNTs, ~4% surface atomic 
oxygen) were dispersible in these polymer matrices. 
In all studies, oxidized (O-MWCNTs and LO-MWCNTs) and/or pristine multi-
wall CNTs (MWCNTs) were used since they are more commonly incorporated into 
products than single-wall CNTs (SWCNTs).1, 5, 43  O-SWCNTs were used in the initial 
microbial interactions study (Chapter 3) as a point of comparison to the O-MWCNTs. O-
MWCNTs (~9%) were also selected for this study since they are highly dispersible in 
PVOH and pristine MWCNTs have already been investigated for cytotoxicity alone and 
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in a few studies when embedded in polymer nanocomposites.44 In contrast, O-MWCNTs 
have not systematically been investigated for cytotoxicity either alone or embedded in a 
CNT/PNC. LO-MWCNTs from Nanocyl (~4% atomic oxygen) and pristine MWCNTs 
from two different manufacturers (NanoLab Inc. and Southwest Nanotechnologies) were 
embedded in PCL. The same pristine MWCNTs from NanoLab Inc. were embedded in 
PHA. High purity pristine and oxidized CNTs were used “as is” from the manufacturer to 
represent the form in which CNTs will be embedded in products. LO-MWCNTs were 
generated in house using 70% w/v HNO3. By virtue of the oxidation procedure used for 
the “as-received” O-MWCNTs and O-SWCNTs as well as the “in-house” LO-MWCNTs, 
CNTs were purified as part of the oxidation process. Lastly, the MWCNTs from 
Southwest Nanotechnologies were chosen since they contain residual cobalt and 
molybdenum particles from the chemical vapor deposition (CVD) synthesis process, 
which could be used as a proxy for CNT release studies.45 Table 2.1 outlines the CNTs 




Table 2.1. The type of carbon nanotubes used in the various studies throughout this thesis. Properties such as atomic surface 
oxidation level (%), purity, outer diameter, length, and residual metal catalyst type are listed. 




Diameter          
(nm) 
Length             
(µm ) 





O-MWCNT NanoLab Inc. 
PD15L5-
20-COOH 8.6 15 ± 5  5-20  >95 Fe 
Initial interactions with 
microorganisms 
O-SWCNT Carbon Solutions P3-SWNT 9.2 1-5  1 ± 0.5  >90 Y 
Initial interactions with 
microorganisms 
MWCNT NanoLab Inc. PD15L520  15 ± 5  5-20  >95 Fe 
Biodegradation- Single, 
aerobic mixed, and anaerobic 
mixed cultures 
LO-MWCNT Nanocyl Nanocyl NC7000 4.1 9.5  1.5  >90 Fe, Co 
Biofilm development, 
Biodegradation- Single, 





SMW200   10 ± 1  3-6  ≥ 98 Co, Mo Biodegradation- Single culture (release) 
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2.3. Solution Blending and Melt-Mixing Procedures for CNT/PNCs Used in this 
Study 
2.3.1. Solution Blending 
CNTs were first sonicated in solvent at a desired mass loading for a specific 
period of time. Oxidized CNTs were sonicated without surfactant while pristine and LO-
MWCNTs were sonicated with EC. Polymer (typically 10 mg/mL) was then added to the 
CNT suspension and sonicated for a specific period of time. The polymer sonication time 
was kept consistent from batch to batch in a particular study since sonication can shorten 
polymer chain length.23 In some cases, the sonicator bath water was changed hourly with 
ice water since it was found to improve the CNT dispersion quality. Table 2.2 highlights 




Table 2.2. The preparation procedures used for CNT/PNCs in this research. 














LO-MWCNTs PCL 45,000 THF 10 4 2 3 Al Dish 
LO-MWCNTs PCL 45,000 CHCl3 10 20 3 3 Al Dish 
LO-MWCNTs PCL 45,000 CHCl3 10 20 3 2 Spray-Coating 
LO-MWCNTs PCL 45,000 DCM 10 4 1 3 Al Dish 
MWCNTs PCL 45,000 DCM 10 4 3 3 Al Dish 
MWCNTs PHA  CHCl3 10 5 3 2 Al Dish 
O-MWCNTs PVOH 31,000-50,000 H2O 2 0 ~20  0.08 Spray-Coating 
O-SWCNTs PVOH 31,000-50,000 H2O 2 0 ~20  0.08 Spray-Coating 
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CNT/PNC casting solutions were added in 5 mL aliquots to aluminum dishes (44 
mm diameter, 12.5 mm height, Fisher Scientific brand) and dried slowly overnight to 
remove solvent. CNT/PNCs were peeled from their dishes, sometimes after soaking in 
water for easier removal, and trimmed to a consistent diameter of ~30 mm. When an 
underlying substrate was required for microscopy, CNT/PNC casting solutions were 
spray-coated onto heated glass slides with manual spray bottles or a Badger 200 Single 
Action, Internal Mix Series Air-brush (Badger Air-Brush Co. Franklin Park, IL) 
operating at 30 PSI. Further details are provided in Chapters 3 and 4. PVOH was spray-
coated onto sterilized glass slides at 150 °C while PCL was spray-coated onto 
octadecyltrichlorosilane modified glass slides at 80 °C for better adhesion of the 
hydrophobic polymer to a hydrophobic surface.46-50 
2.3.2. Melt-Mixing/Extrusion 
Pristine MWCNTs were incorporated into PCL using melt mixing/extrusion. PCL 
was first granulated to a 1-3 mm size using a chopper system. Granulated PCL and 
pristine MWCNTs (NanoLab Inc.) were then dried overnight in an oven at 65 °C and 100 
°C, respectively. PCL and MWCNTs were mixed in different weight percentages with a 
twin rotor mixing bowl. Then, the MWCNT/PCL nanocomposite mixture was put 
through a single-screw melt mixer/extruder several times and pelletized. The pellets were 
dried overnight, heated, and pressed (using a heated Carver press) into 13 x 13 cm 
squares with a thickness slightly less than 1 mm. Melt-mixed MWCNT/PCL 
nanocomposites were substantially thicker than CNT/PNCs prepared via solution 
blending, so they were thinned out in some cases. A casting knife (3580 Casting Knife 
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Application, 0 - 6000 microns thickness, 150 mm wide) was used to decrease the 
thickness of melt-mixed MWCNT/PCL nanocomposites to 3-5 µm. 
2.4. CNT/PNC Characterization Techniques 
CNT/PNCs were characterized using both qualitative and quantitative techniques.  
Qualitatively, CNT/PNCs were characterized by visual observation and scanning electron 
microscopy (SEM) for CNT dispersion quality, attenuated total reflectance infrared 
spectroscopy for polymer functional group characterization, and energy-dispersive X-ray 
analysis (EDS) and thermal gravimetric analysis (TGA) for residual solvent detection. 
Quantitatively, CNT/PNCs were analyzed with X-ray photoelectron spectroscopy (XPS) 
and differential scanning calorimetry (DSC) for CNT surface concentration and fraction 
of crystallinity, respectively. After transformation, CNT/PNCs were analyzed using SEM 
for CNT accumulation. 
2.4.1. Visual observation and SEM 
Visually, CNT/PNCs were uniformly dark, with minimal signs of CNT 
aggregation when held up to light. CNT/PNCs also increased in darkness/decreased in 
translucence as a function of CNT loading. A comparison of CNT/PCL nanocomposites 
prepared using solution blending and melt-mixing are shown in Figure 2.3. 
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Figure 2.3. A comparison of CNT/PCL nanocomposites prepared using a) solution 
blending and b) melt-mixing/extrusion techniques for biodegradation studies. 
In many cases, CNT/PNCs had poorly dispersed CNTs within the polymer matrix 
(Figure 2.4), and only under optimized conditions could well-dispersed CNT/PNCs be 
prepared (Figure 2.3). 
 











In order to qualitatively determine the uniformity and morphology of the CNTs at 
the CNT/PNC surface, SEM was employed. SEM utilizes a high energy, focused electron 
beam that strikes a sample surface to generate different types of signals that reach several 
types of detectors. Secondary electrons, or low energy electrons, are inelastically emitted 
from atoms in the sample upon interaction with the incident electron beam. Secondary 
electrons generate an image of the CNT/PNC surface, with the heavier elements emitting 
more secondary electrons and the lighter elements emitting less. This creates contrast 
between different elements, with heavy elements showing up brighter and lighter 
elements showing up darker. The topography also affects the contrast.51 Similarly, 
backscattering electrons can be used to obtain images with more emphasis on the contrast 
between atomic composition (heavy versus light atoms), and less on the topography. 
Backscattered electrons are electrons that originate from the incident beam and are 
elastically scattered back in the direction of the electron beam with high energy. For this 
reason the backscattering electron detector is typically placed parallel to the beam. In 
contrast, secondary electrons are lower in energy and are biased towards detectors at a 
greater angle from the samples.52 SEM resolution depends on the working distance, 
material type, and accelerating voltage but is typically 1-2 nm at 15-20 keV. Owing to  
the high accelerating voltage, insulating samples such as polymers can charge and 
become damaged under the incident electron beam.51 This issue becomes less apparent as 
a function of CNT loading, since CNTs can dissipate charge, but still remains an issue for 
the matrix at all CNT loadings studied. To counteract electron beam charging, a thin layer 
of platinum was sputter coated onto nanocomposite surfaces prior to SEM imaging. This 
platinum coating successfully prevents charge build-up, but can artificially broaden the 
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diameter of CNTs at the CNT/PNC surface. However, the CNTs are consistently 
broadened when this is the case.  
In all CNT/PNCs investigated, CNTs were visually well distributed throughout 
the polymer matrices. But as evidenced by SEM, not all CNT/PNCs have CNTs present 
at the polymer surface. As discussed previously, the CNT/polymer polarities and the 
method of CNT/PNC casting can influence the CNT content at the surface.3, 4, 10 A 
comparison of spray-coated PVOH, and casted PVOH, each containing 5% w/w O-
MWCNTs, are shown in (Figure 2.5a,b) to highlight the difference between casting 
methods. Furthermore, a comparison of PCL and PHA containing the same pristine 
MWCNTs at 5% w/w are shown to highlight the differences between polymer types 
(Figure 2.5c,d). For CNT/PNCs that had CNTs initially present at the surface, the 
distribution of CNTs could be determined as a function of CNT loading. For CNT/PNCs 
that did not have CNTs at the surface, CNT distribution often became more obvious after 




Figure 2.5. A comparison of a) spray-coated PVOH and b) casted PVOH, each 
containing 5% w/w O-MWCNTs and a comparison of c) PCL and d) PHA, each 
containing 5% w/w MWCNTs. 
2.4.2. Bulk Characterization of CNT/PNCs 
Energy dispersive X-ray analysis (EDS) is obtained using the electron beam in an 
SEM or transmission electron microscope (TEM). Instead of detecting secondary or 
backscattered electrons, EDS detects X-rays generated from the different elements within 
a sample. X-rays are produced when the incident electron beam ionizes an atom by 
emission of a core level electron. Electrons in a higher energy level within the atom then 
relax and in this process, emit an X-ray with an energy characteristic of this transition 
which is unique to the atom it came from. Peaks for each element allow for quantification 
of the atomic composition in a given area of the sample. Since X-rays have a large mean 
free path, their interaction volume is large (µm), and the atomic composition information 
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that is obtained is representative of the bulk.53 EDS cannot be used for CNT 
concentration within the CNT/PNC since the polymer matrix is also made up of carbon. 
However, EDS can be used to ensure that residual solvent is not trapped within the 
CNT/PNC. This control measure was considered important since CNTs are shown to be 
strong sorbents.54 As described in the next chapter, CNT/PNCs were originally prepared 
with a tetrahydrofuran casting solution but as indicated by the literature, THF can be 
readily adsorbed by other carbonaceous nanomaterials and generate false positive results 
in toxicity studies; this prompted us to switch to casting solvents that could be easily 
identified within the bulk CNT/PNC if adsorption was an issue.55, 56 For this reason, 
chlorinated solvents such as chloroform and dichloromethane were always used to 
prepare solution blended CNT/PNCs. The presence of chlorine was tracked using EDS in 
samples with low and high CNT loading. CNT/PNCs did not contain chlorine for both 
the PCL and PHA matrices.  
Thermogravimetric analysis (TGA), which is described in Chapter 1, was also 
used as a secondary measure to ensure that residual solvent did not remain in the 
CNT/PNCs from the casting process. In the TGA profile, solvents would provide a 
characteristic mass loss profile at low temperature. In this case they did not, further 
supporting the EDS data. 
2.4.3. Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR) 
ATR-IR makes use of an incident infrared beam that enters a crystal, typically 
made of diamond or germanium.57 The solid sample of interest is pressed against the 
crystal and the infrared beam totally reflects at the crystal/sample interface. However, the 
light is not directly reflected by the boundary surface, but it is reflected by a virtual plane 
within the sample, which is typically less optically dense then the crystal. The component 
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of the light that penetrates slightly into the sample prior to reflectance is called the 
evanescent wave. As in transmission IR, IR radiation is absorbed by excited vibrational 
states, and the transmitted IR radiation makes it to the detector. The IR spectrum typically 
provides functional group information and can have a spectrum unique to the material 
being analyzed, especially in the fingerprint region (< 1450 cm-1).58 ATR-IR was useful 
in characterizing the PCL and PHA surfaces within the top few micrometers. The 
addition of CNTs to the polymer matrices was not apparent, as CNTs do not absorb 
readily at any particular band. Furthermore, oxygen functional groups are difficult to 
detect using an ATR-IR, especially at low CNT loadings in CNT/PNCs, because diamond 
and CNTs have a very similar refractive index.59 However, CNT incorporation and 
oxygen functional group identifications are possible with a germanium crystal, which has 
an index of refraction that is different from the sample. This is not the case for diamond 
and ZnSe crystals.60 ATR-IR spectra were acquired using a Thermo Scientific Nicolet iS5 
ATR-IR with a diamond crystal and a dTGS room-temperature detector (< 0.8 cm-1 
resolution). 500 scans were taken for each IR spectrum obtained. 
2.4.4. X-ray Photoelectron Spectroscopy (XPS) 
 XPS is a surface analytical technique that determines the atomic composition of a 
material within the top 10 nm of the surface. Under ultra-high vacuum conditions, a 
sample is bombarded with X-rays, which eject core level electrons that have kinetic 
energies characteristic of the energy levels from which they originate. Electrons are then 
passed through a hemispherical energy analyzer, where only electrons of specific kinetic 
energies are allowed through while all others are deflected. Different kinetic energies are 
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allowed through the analyzer to the detector to obtain a spectrum which is reported as 
binding energy using the (Equation 1):  
𝒉𝒉𝒉𝒉 = 𝑲𝑲𝑲𝑲 + 𝑩𝑩𝑲𝑲 + 𝝓𝝓  (Equation 1) 
where 𝒉𝒉𝒉𝒉 is the X-ray energy (Planck’s constant * wavenumbers), KE is the electron’s 
kinetic energy, BE is the binding energy from which the electron was ejected, and 𝝓𝝓 is 
the work function, or the correction factor for the energy lost to ejection from a solid and 
from interaction with the energy analyzer. The peaks at different binding energies are 
indicative of the atoms they come from and are used to identify and quantify the atomic 
composition using peak integration.61 Furthermore, higher resolution scans can provide 
information on the oxidation state of an atom. For example, C-OR, C=O, O=C-OR, and 
C-Fx components can show up within the carbon envelope, and depending on the level of 
surface oxygen or fluorine on the material surface, can be de-convoluted using peak 
fitting. However, peak-fitting can become subjective at low levels of oxygen, with 
overlapping peaks, and with broad π – π* features in the C(1s) region.62 An XPS C(1s) 
spectrum of LO-MWCNTs is shown in Appendix 4. 
In this study, XPS was used to quantify the surface oxygen of carbon nanotubes 
and to determine the fraction of CNTs at the CNT/PNC surface using a specialized setup. 
In order to determine the fraction of CNTs at the CNT/PNC surface in Chapter 3, XPS 
experiments were run using a monochromatic X-ray source at NIST (Gaithersburg, MD). 
This provided a localized area of highly intense irradiation that caused the polymer to 
charge. Typically, under monochromatic conditions or with insulating samples, positive 
charge builds up from the ejection of electrons, or photoelectrons.61 This can be 
counteracted using a charge neutralizer, which usually utilizes a low energy electron 
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flood gun to replace the photoelectrons. Since the polymer used is insulating while the 
CNTs are more conductive, it was found that turning off the charge neutralizer led to 
differential charging of the polymer component and the CNT component in the C(1s) 
envelope. The integrated area of the CNT component relative to that of the polymer 
component allowed for quantification of the surface CNT content. It was then compared 
to the concentration of CNTs used in the casting solution and found to be proportional. 
This technique has been used with epoxy in other studies as well.63 The disadvantage is 
that the technique is not sensitive at CNT mass loadings below 5% w/w and only works 
with some types of CNTs. However, this method is the most quantitative method 
available for CNT content at a material surface considering the challenge of 
differentiating carbonaceous nanomaterials from a carbonaceous matrix.  
2.4.5. Differential Scanning Calorimetry (DSC) 
Differential scanning calorimetry (DSC) is used to measure the endothermic and 
exothermic transitions of a material as a function of temperature. This technique is 
particularly useful for characterizing polymer blends, polymers containing additives, 
pharmaceuticals, inorganics, curing reactions, and decomposition reactions. A DSC 
apparatus is made up of a temperature controlled chamber that contains a sample and a 
reference, each of which is simultaneously heated or cooled at a particular heating rate 
under an inert atmosphere. The difference in the amount of energy or heat it takes to 
increase the sample temperature to the same temperature as that of the reference is plotted 
to obtain transition information. This is useful for transition temperatures, such as melting 
point, where more energy is required to increase the temperature as the polymer melts. 
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DSC transitions are mass dependent, and a small sample sized is used, typically around 3-
5 mg.51  
DSC is widely employed in polymer analysis to determine the glass transition 
temperature (Tg), the melting temperature (Tm), and the crystallization temperature (Tc) 
which are all important transitions for semicrystalline thermoplastics. Tg is the 
temperature at which the polymer transitions from a glassy state to a rubbery state. This is 
the point at which the polymer chains are able to shift past one another or “move.” The 
Tm is the temperature at which the solid becomes a liquid. For semicrystalline 
thermoplastics, such as PCL and PHA used in this research, the fraction of crystallinity 
within the polymer can be measured using the peak area of the endothermic melting peak 
(ΔHM) when ratioed to a theoretical, 100% crystalline reference. This is because the 
crystalline regions require the most energy to break apart into the disordered state present 
in liquid form.51 The Tc is the temperature at which the polymer nucleates into crystalline 
form as the temperature is decreased and is an exothermic process. The area under the Tc 
peak is highly dependent on the cooling rate, since the polymer chains have a shorter time 
to arrange themselves into crystals at faster cooling rates. Because the Tm is less 
dependent on the heating rate than the Tc is on the cooling rate in semicrystalline 
polymers, the heat of fusion is more commonly used to calculate crystallinity. Another 
important factor when analyzing semicrystalline polymers with DSC is thermal history. 
The degree of crystallinity in a polymer is largely dependent on the rate at which it was 
previously cooled or casted.51 Solution blended polymers tend to have higher crystallinity 
after slow solvent evaporation while thermally processed polymers tended to have lower 
crystallinity. In order to bring polymers to the same origin of crystallinity and permit 
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comparison among polymer samples prepared in different ways, polymers are often 
annealed above their melting point or heated one time with DSC to remove their thermal 
history. In this research, the first DSC scan was used for the solution blended CNT/PNCs 
since these were already at maximum, consistent crystallinity from slow solvent 
evaporation.51 For the melt-mixed CNT/PNCs used in biodegradation studies, the thermal 
history was removed by annealing to bring all samples to the same origin of crystallinity 
prior to DSC analysis. 
 Since the fraction of crystallinity can have a large impact on the biodegradability 
of a polymer, these data were obtained for the CNT/PNCs used in this research.51 In 
particular, since additives have been shown to alter the crystallinity of a polymer in some 
cases, the effect of CNTs on the polymer crystallinity was investigated.64  As shown in 
Chapters 6-8, the degree of crystallinity did not change significantly with CNT loading 
for both melt-mixed and solution blended CNT/PNCs as well as pristine and LO-
MWCNTs. However, similar to a study by Sobkowicz et al., LO-MWCNTs did have an 
effect on the rate of crystallization as a function of CNT loading, but all CNT/PNCs 




Figure 2.6. The rate of crystallization of LO-MWCNT/PCL nanocomposites as a 
function of LO-MWCNT mass loading. 
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Chapter 3. Initial Interactions of Microorganisms with Carbon 
Nanotube/Polymer Nanocomposites 
 
This work was co-written with the following authors and is adapted from the following 
published work: 
 
Goodwin Jr, D. G., Marsh, K. M., Sosa, I. B., Payne, J. B., Gorham, J. M., Bouwer, E. J., 
& Fairbrother, D. H. (2015). Interactions of Microorganisms with Polymer 
Nanocomposite Surfaces Containing Oxidized Carbon Nanotubes. Environmental 
Science & Technology, 49 (9), 5484-5492. 
 
Note: Certain commercial entities, equipment or materials may be identified in this 
document in order to describe an experimental procedure or concept adequately. Such 
identification is not intended to imply recommendation or endorsement by the National 
Institute of Standards and Technology, nor is it intended to imply that the entities, 
materials, or equipment are necessarily the best available for the purpose. 
 
3.1. Introduction 
One of the most important projected commercial applications of engineered 
nanomaterials (ENMs) such as carbon nanotubes (CNTs), nano-silver, and nano-scale 
metal oxides involves their use as fillers in polymer matrices at low concentrations, 
typically at a mass fraction of less than 5% w/w, to produce polymer nanocomposites.1-6 
The advantage of incorporating ENMs into polymers derives from their ability to greatly 
expand the material’s value and utility by enhancing numerous polymer properties.6-8 
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Carbon nanotubes are becoming one of the most widely studied fillers in view of their 
large aspect ratio and excellent thermal, chemical, and mechanical properties. This 
collection of desirable attributes makes them ideal candidates to improve tensile strength, 
elastic modulus, thermal conductivity, and current carrying capacities of polymers.9-22 
For example, multi-wall CNT (MWCNT) - polystyrene nanocomposites containing only 
1% w/w MWCNTs exhibit a 36–42% increase in elastic modulus and a 25% increase in 
break stress relative to pure polystyrene.16 Consequently, CNT-containing 
nanocomposites are already present in a diverse array of products that include bicycles, 
tennis racquets, sail boats, anti-static parts for fuel filter lines, and packaging materials 
used in the electronics industries.23-27 
As the use of CNTs embedded in polymer matrices increases, it is inevitable that 
a significant fraction of commercially produced CNTs will first enter the environment 
embedded in plastic materials.28-30 Thus, it is important to understand the behavior of 
CNT/PNCs in the environment.28, 31-33 One of the situations that will determine the fate of 
CNT/PNCs occurs at the end of their life cycle where disposal follows consumer use. 
Under these conditions, the impact and persistence of a CNT/PNC will depend on its 
interactions with microbial populations present in landfills. Other CNT/PNCs will be 
improperly disposed of on land (i.e. litter) and in surface waters where they can also 
encounter and interact with a wide variety of microorganisms. 
The first step in the interaction of microbes with solid substrates is the attachment 
of planktonic cells to the surface followed by growth and colonization. If the 
microorganisms survive upon surface attachment, they colonize through proliferation and 
produce extracellular polymeric substances (EPS) to form biofilms.34, 35 In contrast, if the 
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surface exhibits antimicrobial properties, cell proliferation can be retarded or even 
inhibited.36, 37 If biofilm formation occurs, the metabolic activity of the attached 
microorganisms can initiate biodegradation through the release of extracellular 
enzymes.38-41 Thus, the initial interactions of microorganisms with CNT/PNCs will play 
an important role in determining the nanomaterial’s long term fate and persistence. 
In the majority of studies involving CNTs and microorganisms, antimicrobial 
properties have been observed regardless of whether the CNTs were dispersed or 
aggregated in the aqueous phase or collected on a membrane or surface.28, 42-48 For 
example, surfaces coated with pristine SWCNTs markedly reduced the amount of 
Escherichia coli that could form a biofilm due to the antimicrobial nature of the surface.42 
Three of the main mechanistic hypotheses for CNT cytotoxicity include puncturing of the 
cell membrane, membrane disruption, and oxidative stress.43, 44, 49-53A smaller number of 
studies, however, have claimed that CNTs exhibit weak or no observable cytotoxic 
response towards microbes.54-56 Thus, Pantanella et al. found that SWCNT-coated 
surfaces do not affect adhesion or biofilm formation and attributed this to a lack of 
antimicrobial properties for selected bacterial species.56 Therefore, the cytotoxicity of 
CNTs remains controversial.57, 58  
In the case of CNT/PNCs, a few studies have evaluated the influence of pristine 
CNTs exposed at the surface of PNCs on cell death. For example, polyvinyl-N-carbazole 
(PVK) nanocomposites containing only 3% w/w SWCNTs caused significant cell death 
(> 80%) of Escherichia coli and Bacillus subtilis relative to pure PVK. MWCNTs 
embedded in the same polymer also led to significant cytotoxicity.47, 59 Similarly, 
Schiffman et al. found that the inclusion of pristine SWNTs in electrospun polysulfone 
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fibers caused an increase in cell death as the SWNT concentration increased from 0 - 1% 
w/w.60 Consequently, it has been suggested that CNT-modified materials can serve as 
antimicrobial coatings to resist biofouling or biofilm formation in applications ranging 
from medical devices to membranes, piping, and boat hulls.27, 49, 61, 62 
In nanocomposite products, cycles of weathering and biodegradation can 
eventually cause CNTs to reach the surface and to potentially even accumulate, 
regardless of whether or not the CNTs are initially exposed at the PNC surface or buried 
under a thin polymer layer or surface coating.30, 63-65 Under these conditions, the 
interactions of microorganisms with CNT/PNC surfaces will be important during the life 
cycle of the material. To date, studies on the interactions of microbes with CNTs 
embedded in polymeric matrices or in membranes have focused on pristine CNTs. In 
contrast, we have focused on the antimicrobial properties of oxidized single- and multi-
wall CNTs embedded in CNT/PNCs. This decision was motivated by the likelihood that 
many pristine CNTs initially introduced into PNCs will have their surfaces oxidized by 
weathering in landfills and other environments prior to their interactions with 
microorganisms.66, 67  
To explore the initial interactions of microorganisms with CNT/PNCs, oxidized 
CNTs (O-CNTs) were well-dispersed in polyvinyl alcohol (PVOH), which was chosen as 
the polymer matrix due to its lack of antimicrobial properties, allowing the effect of CNT 
inclusion to be clearly delineated.68, 69 CNT/PVOH nanocomposites were exposed to the 
gram-negative microorganism Pseudomonas aeruginosa, a model aquatic and soil 
bacterium that can readily proliferate to form biofilms. Indeed, Pseudomonas species are 
ubiquitous in the environment where they are likely to encounter plastic waste and are 
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frequently responsible for biodegradation of organic matter and organic contaminants.70 
The interaction of P. aeruginosa with CNT/PNCs containing O-CNTs of different type 
(O-MWCNT vs. O-SWCNT) and CNT loading (0-10% w/w) was assessed using SYTO  
9 and propidium iodide fluorescent stains to differentiate living and dead bacteria, as 
measured by the integrity of the cell membrane. This study was motivated by the desire 
to provide insights into the initial interaction of microorganisms with CNT/PNC surfaces 
having different CNT concentrations, representative of nanocomposite surfaces that may 
be present following weathering and/or other environmental degradation processes.   
3.2. Experimental 
3.2.1. O-CNT/PVOH Nanocomposite Preparation 
A 2 mg/mL stock solution of polyvinyl alcohol (PVOH) was prepared by 
dissolving PVOH (Sigma Aldrich, Mw=31,000-50,000, 98%-99% hydrolyzed) into 
deionized water while stirring at 105 ˚C for four hours. The solution was filter-sterilized 
using a 0.2 µm acetate filter. A 0.05 mg/mL O-MWCNT stock suspension (NanoLab 
Inc., PD15L5-20-COOH, Lot. # 06-16-10, outer diameter 15 ± 5 nm, length 5-20 µm 
from the manufacturer) was prepared by sonicating 10 mg of O-MWCNTs into 200 mL 
of deionized water for ~20 hours using a Branson 1510 ultrasonic bath operating at 70 
watts. The stock suspension was then centrifuged (5 min, 3000 rpm, Powerspin LX, 
Unico) to remove glass etched during sonication and some larger CNT bundles for a final 
concentration of slightly less than or equal to 0.05 mg/mL; the same stock solution was 
used throughout this study. The same procedure was followed for O-SWCNTs (Carbon 
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Solutions, P3-SWNT, Lot # 03-A014, outer diameter of individual or bundles 1-5 nm, 
length 1 ± 0.5 µm).  
Immediately prior to spray-coating, the stock PVOH solution and stock O-CNT 
suspensions (O-MWCNTs and O-SWCNTs) were combined aseptically in different 
volume ratios to prepare casting solutions containing 0, 0.1, 1, 5, and 10% w/w O-
CNT/PVOH. Each casting solution was shaken vigorously, sonicated for 5 min, and 
added to a spray bottle capable of nebulizing the solution. Autoclaved glass slides (1 x 25 
x 75 mm) were placed onto a hot plate at 150 ˚C and sprayed from a consistent distance 
(approximately 25 cm) in 10 second intervals to flash dry the casting solution upon 
contact (Figure A3.1). This helped to minimize CNT aggregation during the drying 
process. Casting solutions were sprayed 30 times (1.07 mL/spray ± 0.05 mL/spray) to 
fully cover the glass slides with CNT/PNC. The uniformity and average thickness of the 
coating was determined by measuring the decrease in the Si(2p) signal from the 
underlying glass substrate using X-ray photoelectron spectroscopy (XPS) on different, 
randomly selected regions of a PVOH and 10% w/w O-MWCNT/PVOH 
nanocomposite.71, 72 This analysis revealed that regardless of CNT/PNC type, the average 
thickness of the overlayer was ≈8 nm; further information on how film thicknesses were 
determined can be found in the appendix. All spray-coating was carried out inside a 
sterile biosafety cabinet (Labconco Purifier Class II Biosafety Cabinet). To verify 
consistency in the preparation and properties of the nanocomposites, replicate samples (at 
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least in duplicate) of each nanocomposite type (0 - 10% w/w) were prepared separately 
and studied in terms of their initial interactions with microorganisms. 
3.2.2. CNT/PVOH Nanocomposite Characterization 
Scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy 
(XPS): Procedures for XPS and SEM imaging of PVOH and O-CNT/PVOH samples are 
outlined in the appendix. Replicate SEM images of different nanocomposite areas and 
separately sprayed slides are shown for each nanocomposite type in Figure A3.2. Spectra 
of O-SWCNT/PVOH nanocomposites are shown in Figure A3.3. 
3.2.3. Dissolution Controls 
To ensure PVOH dissolution did not have an effect on this study, high Mw PVOH 
(Mw=31,000-50,000) was used since it is less susceptible to dissolution compared to 
lower Mw analogues. Nevertheless, qualitative SEM control experiments were run to 
verify that CNT/PNCs did not change in surface composition, specifically in terms of the 
relative concentration of CNTs, over the short time course of our immersion experiments 
(1-6 h, Figures A3.4 and A3.5). Further information can be found in the appendix.  
The upper limits of metal ion (from residual metal catalyst impurities in CNTs) 
and CNT release that could occur during one hour of nanocomposite immersion were 
assessed in separate experiments using ICP-MS. In both cases, the experiments involved 
exposing the highest loading of O-SWCNTs in PVOH (10% w/w) to sterile Milli-Q water 
for one hour. To determine the concentration of metal ions released, the supernatant that 
was generated after one hour was filtered through a 0.02 µm glass fiber membrane to 
remove all particulate matter and the metal ion concentration in the filtrate was measured 
with ICP-MS. This analysis revealed that the yttrium ion concentration in the supernatant 
was at or below the detection limit of the ICP-MS (<1 ppt). In contrast, the concentration 
86 
 
of released CNTs was determined by analyzing the supernatant (no filtration) for the 
presence of yttrium nanoparticles as a proxy for CNTs, as described in our previous 
publication, using ICP-MS in single particle mode (sp-ICP-MS).73 Using this method we 
determined that the upper limit of the released CNT concentration from the 
nanocomposites was approximately 90 ppb after one hour immersion time in sterile Milli-
Q water. Further information can be found in the appendix. 
3.2.4. Microbial Growth and O-CNT/PVOH Nanocomposite Inoculation (1 h and 6 h) 
To assess the effect of CNT loading on the antimicrobial properties of O-
CNT/PVOH nanocomposites, the initial cytotoxicity of P. aeruginosa (ATC 27853) on 
CNT/PNC surfaces was determined. Each O-CNT/PVOH slide was submerged in a petri 
dish containing 15 mL of exponential phase P. aeruginosa in BMM under ambient 
conditions. The nanocomposite slides were then removed from the inoculum after one or 
six hours, washed with depleted media, and immediately transferred into fresh sterile 
petri dishes for subsequent LIVE/DEAD staining. Each CNT/PNC sample of a particular 
CNT loading was exposed to three separately grown P. aeruginosa cultures to ensure 
consistency in the number of attached cells between cultures. Examples of the 
reproducibility of the data acquired from these replicates are shown for PVOH, 10% w/w 
O-MWCNT/PVOH and 10% w/w O-SWCNT/PVOH in Figure A3.6. Similarly, we 
verified that for each nanocomposite type (0 – 10% w/w), the number of attached cells 
was statistically the same for samples that were spray-coated on different occasions. 
Media composition, growth conditions, and six hour LIVE/DEAD images are described 
in the appendix (Figures A3.7-A3.9). 
To assess the possibility that released CNTs could affect the microorganisms in 
solution, two separate growth curves were conducted in the presence of 90 ppb O-
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MWCNTs and 90 ppb O-SWCNTs. These CNT concentrations were selected because 
they represent the upper limit of released CNTs observed during the course of our release 
control experiments using sp-ICP-MS. Results from these growth curves revealed that 
there was no effect at these low (ppb) CNT concentrations relative to a growth curve 
without CNTs. Indeed, previous studies have shown that CNT concentrations in the ppm 
range are typically needed to inhibit cell growth.48 Results of this analysis can be found in 
the appendix (Figure A3.8 and related text). 
3.2.5. LIVE/DEAD Staining 
A FilmTracer LIVE/DEAD Biofilm Viability Kit (Molecular Probes, Invitrogen) 
containing SYTO 9 and propidium iodide (PI) stains was used.74 At least 15 images per 
CNT loading prepared at different times (at least two different occasions) and exposed to 
three different cultures, were analyzed to determine the average percentage and standard 
deviation of living P. aeruginosa cells on a given CNT/PNC slide. Positive and negative 
controls for cytotoxicity were run: these included staining microbes attached to PVOH 
(0% w/w O-CNTs) and microbes purposely lysed with ethanol on PVOH (Fig. S10), 
respectively. Further details, as well as a significant number of experimental controls, can 
be found in the appendix (Figures A3.11-A3.15). A FilmTracer SYPRO Ruby Red 
Biofilm Viability Kit (Invitrogen, Life Technologies) was used to stain the EPS on 
PVOH, 10% w/w O-MWCNT/PVOH and 10% w/w O-SWCNT/PVOH samples after one 
hour of microbial exposure (Figure A3.16). Background fluorescent controls were run for 
this stain as well (Figure A3.17).75 
3.2.6. Confocal Laser Scanning Microscopy 
Microbes on CNT/PNC surfaces stained with SYTO® 9 and PI were imaged using 
a Zeiss LSM 510 Multiphoton Confocor 3 CLSM with a 40x water immersion objective 
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(N.A. 1.2) to generate dual channel 3D images for each sample. Confocal laser scanning 
microscopy (CLSM), which is commonly referred to as laser confocal fluorescence 
spectroscopy, is a type of fluorescent microscopy that involves excitation of a molecule 
to a higher energy state using a monochromatic laser source and emission of a lower 
energy photon. This emission process is called fluorescence and certain chromophores 
are able to absorb at one wavelength and fluorescence at a higher (lower energy) 
wavelength. In this study, bacteria are stained with SYTO 9 (482 nm excitation, 500 nm 
emission) and propidium iodide (490 nm, 635 nm) and the fluorescent signal is detected 
to generate an image.74 In contrast to traditional fluorescent microscopy, CLSM is able to 
focus at one point on individual planes of a sample and operate using dual channels (both 
dyes can be seen at once). A pinhole is used to eliminate any fluorescence coming from 
outside of the focal point and images can be raster in the x and y direction with a very 
small depth. Then the focal plane in increased and further sectioning in the z direction 
can take place. This allows the user to build a 3D image as a series of confocal stacks.71 
This is most useful in Chapter 4, when biofilms are imaged, since they have significant 
thicknesses that cannot be captured with tradition fluorescence microscopy. Details of the 
CLSM used in this study are described below. Further information can be found in the 
appendix. 
3.3. Results and Discussion 
3.3.1. CNT/PNC Characterization  
While the SEM images of pure PVOH exhibited surfaces devoid of any 
cylindrical, CNT-like structures (Figure 3.1), the presence of CNTs at the surface of O-
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CNT/PVOH nanocomposites became increasingly apparent as a function of increasing 
CNT loading.  
 
Figure 3.1 SEM images of well-dispersed, spray-dried O-MWCNT/PVOH and O-
SWCNT/PVOH nanocomposites as a fraction of CNT loading ranging from 0-10% w/w. 
SEM images also show O-SWCNTs and O-MWCNTs randomly distributed 
across the surface with minimal signs of aggregation across the range of CNT loadings 
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studied (0 – 10% w/w). The uniformity of the surface is demonstrated by the consistency 
of SEM images acquired in different, randomly selected regions (Figure A3.2a-i).  
To complement SEM data, XPS analysis was performed for PVOH 
nanocomposites with varied O-MWCNT loadings (> 5% w/w), with the goal of 
evaluating the CNT concentration at the O-CNT/PVOH surfaces (Figure 3.2). For O-
MWCNT/PVOH nanocomposites, the C(1s) spectral envelope could be well fit by 
contributions from the PVOH and the CNT components, along with a small (≤ 7.5%) 
contribution from amorphous carbon contamination. The ability to determine the O-
MWCNT surface concentration from the C(1s) fitting protocol can be attributed to the 
differential charging behavior of PVOH and the O-MWCNTs, which effectively 
separates their spectral envelopes.32, 76 In contrast to the behavior of O-MWCNT/PVOH 
nanocomposites, O-SWCNT/PVOH nanocomposites did not differentially charge to an 
extent that permitted spectral deconvolution of the individual components (Figure A3.3). 
XPS analysis of the C(1s) region indicates that the O-MWCNT concentration at 
the surface in the % w/w region under investigation (< 10% w/w) should be directly 
proportional to the composition of the casting solution (R2=0.92) (Figure 3.2). We 
attribute this proportionality in large part to a consequence of the flash drying method 
used to prepare the CNT/PNCs, which greatly restricts CNT aggregation, and essentially 
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“locks” their structure and composition within the polymer into a close representation of 
the O-CNT/PVOH distribution in the casting solution. 
 
Figure 3.2. X-ray photoelectron spectroscopy (XPS) characterization of O-CNT/PVOH 
nanocomposites. a) C(1s) region of O-MWCNT/PVOH nanocomposites with increasing 
O-MWCNT loading. The fitted PVOH components (dashed lines) and the O-MWCNT 
component (solid line) are shown within the carbon envelope. b) % w/w O-MWCNTs in 
casting solution vs. atomic % surface CNTs determined using XPS fitting of the C(1s) 
envelope. Error bars are reflective of the error in the fitting protocol for a given sample.  
3.3.2. Antimicrobial Properties of CNT/PNCs 
Figure 3.3 and Figure 3.4 show representative results of LIVE/DEAD staining 
used in conjunction with CLSM to assess the cytotoxicity of P. aeruginosa attached to O-
MWCNT and O-SWCNT/PVOH surfaces after one hour of inoculation. This time period 
was selected because it was sufficient for > 1500 microbes to attach directly onto the 
CNT/PNC surfaces and therefore provide a statistically significant measure of the 




Figure 3.3. CLSM images of LIVE/DEAD stained P. aeruginosa grown statically for 1 
hour on O-MWCNT/PVOH slides with increasing O-MWCNT loading from 0 - 10% 




Figure 3.4. CLSM images of LIVE/DEAD stained P. aeruginosa grown statically for 1 
hour on O-SWCNT/PVOH slides with increasing O-SWCNT loading from 0-10% w/w. 
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Cells that were considered attached were those that remained on the 
nanocomposite surfaces during the staining procedure. Living and dead cells were 
counted using image analysis software and results are shown in Figure 3.5.  
 
Figure 3.5. Live and dead cell counting of P. aeruginosa confocal images using image 
analysis software. The average percentage ± one standard deviation of attached living 
cells from >15 images of each O-MWCNT and O-SWCNT/PVOH nanocomposite 
loading (0 – 10% w/w) is shown. 
For PVOH, the CLSM image is dominated by green fluorescent cells, indicating 
that PVOH is benign to P. aeruginosa. In contrast, the antimicrobial properties of the 
CNT/PNC surfaces increased systematically with both O-MWCNT and O-SWCNT 
loading as evidenced by the increasing number of red fluorescent cells (Figure 3.3 & 
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Figure 3.4). Consequently, the antimicrobial properties exhibited by the O-CNT/PVOH 
nanocomposite surfaces are due to the inclusion of O-CNTs (Figure 3.3 & Figure 3.4).  
At the highest O-MWCNT and O-SWCNT loadings of 10% w/w, virtually all (> 
90%) of the P. aeruginosa fluoresced red, indicating that the majority of cells had died. 
However, longer term (6 h) experiments conducted on 10% w/w O-MWCNTs (Figure 
3.3) showed evidence of healthy (green) biofilm formation for microorganisms located on 
top of dead cells (red). Similarly, careful analysis of the CLSM images acquired after one 
hour of contact time between the P. aeruginosa and the CNT/PNC surfaces revealed that 
some of the living microorganisms are actually deposited on top of dead microorganisms. 
CLSM analysis of these “live on top of dead” structures exhibited heights in the range of 
~4 - 7 µm. In contrast, individual microorganisms attached to the surfaces had apparent 
heights of ~4 - 5 µm. It should be noted that in CLSM, the height of the microbes appears 
stretched and taller than their actual height (0.5-1 µm) due to the limited vertical 
resolution of the CLSM (>1 µm) compounded by fluorescence scattering between optical 
slices (Figure A3.18 & A3.19).70 Thus, “live on top of dead” structures were consistent 
with about two microbial layers, with living cells located on top of dead cells, the latter in 
direct contact with the CNT/PNC surfaces. Examples of this phenomenon are circled in 
white for 1% w/w O-CNT/PVOH samples (Figures A3.18 & A3.19). The nature of these 
structures supports the idea that CNT contact is necessary to cause cell death.  
Additional insights into the antimicrobial properties of CNTs observed during the 
initial stages of microbial attachment can be attained by considering the distribution and 
concentration of CNTs at the interface in relationship to the two-dimensional footprint of 
an attached P. aeruginosa microorganism, which is rod-shaped and approximately 1 µm 
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in length by > 0.5 µm wide, as revealed by SEM (Figure A3.20).70 By superimposing this 
two-dimensional microbe footprint onto an SEM image of a PNC surface, we can gauge 
the degree of direct interaction/contact between attached P. aeruginosa microorganisms 
and CNTs at a particular CNT loading (Figures A3.18 and A3.19). As shown in Figure 
A3.19, this analysis reveals that the 1% w/w O-SWCNT/PVOH nanocomposite surface 
consists of a relatively dense O-SWCNT mesh, which is a reflection of the extremely 
high aspect ratio of CNTs (micro-sized lengths and nanometer-scaled widths). 
Consequently, most microorganisms that attach to the CNT/PNC surface must make 
contact with multiple CNTs (> 5 CNTs). However, the corresponding CLSM image for 
1% w/w O-SWCNTs shown in Figure 3.4 reveals that more than 20% of the attached 
microorganisms are still alive despite many appearing to be in direct contact with the 
underlying surface. Moreover, the distribution of living and dead microorganisms on the 
surface is entirely random with no evidence of any patchiness that would indicate a lack 
of CNT dispersion in localized areas. Thus, our experimental observations indicate that a 
single contact event or interaction between a CNT and an attached microorganism does 
not guarantee that the microorganism will die; otherwise, all of the attached P. 
aeruginosa on the 1% w/w O-SWCNT/PVOH nanocomposites surface would be dead, 
which is not the case.  
We note that it is possible that not every CNT contact event with an adsorbed 
microorganism is disposed to cause membrane disruption. This would be the case, for 
example, if a specific interaction were required, such as the puncturing of the membrane 
by the exposed ends of a CNT. The amount of EPS excretion, a common defense used in 
biofilms to protect cells from environmental stressors,42 was tested as it could serve to 
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diminish the antimicrobial nature of the CNT/PNCs by effectively shielding attached 
bacteria from the CNTs. The level of EPS was shown to be minimal on the CNT/PNC 
surfaces after one hour using a biofilm matrix stain (SYPRO Ruby Biofilm Matrix Stain), 
indicating that EPS excretion is not an important factor in the present study (Figure 
A3.16). Regardless of the detailed explanation of this phenomenon, once the O-SWCNT 
loading was increased to 10% w/w, almost all P. aeruginosa (97%) attached to the PNC 
surface experienced >5 CNT contact events. Under these circumstances, the number of 
CNT contact events and greater contact area between adsorbed microorganisms and 
surface-bound CNTs was apparently sufficient to cause almost all of the attached 
microorganisms to die (Figure 3.4 and Figure 3.5). An analogous argument can be made 
for O-MWCNTs on the basis of the data shown in Figure 3.3 and Figure 3.5. The present 
study is uniquely well-positioned to assess the role that contact area plays in determining 
the antimicrobial properties of CNTs because the distribution and concentration of CNTs 
at the surface has been well-defined through the use of SEM and XPS across a range of 
CNT loadings.  
Our experimental data also clearly demonstrates that the antimicrobial properties 
of CNTs are not eliminated when they are oxidized, regardless of type (SWCNT or 
MWCNT) or manufacturer (Carbon Solutions and NanoLab Inc., respectively). Figure 
A3.21 demonstrates that as a function of increasing CNT loading, the fraction of living 
cells deposited on both O-SWCNT and O-MWCNT/PVOH surfaces can be reasonably 
well fit with a first order exponential decay profile. On the basis of this analysis, the O-
SWCNTs are approximately three times more cytotoxic than O-MWCNTs on a % w/w 
basis.  We ascribe this enhancement of O-SWCNT/PVOH antimicrobial properties in part 
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to a number density effect, since at the same CNT loading there is a greater number of O-
SWCNTs than O-MWCNTs at the PNC surface. As a result, the number of contact events 
and total contact area between attached microbes and CNTs will always be greater for O-
SWCNTs as compared to O-MWCNTs (Figure A3.22). Regardless, the antimicrobial 
properties of O-SWCNTs and O-MWCNTs do not differ markedly from one another as a 
function of CNT loading. We ascribe this similarity to be a consequence, at least in part, 
of the high oxygen levels on the CNTs used (8.6% O for O-MWCNTs, 9.2% O for O-
SWCNTs as measured by XPS). This level of surface oxidation is expected to 
significantly disrupt the graphenic sidewall structure and cause the surfaces of O-
SWNCNTs and O-MWCNTs to appear somewhat structurally and chemically similar, 
containing graphenic sidewalls, interspersed with defect regions (and ends) where 
oxygen-functional groups are localized.  
Results from the present investigation can be compared with other related studies. 
For example, Schiffman et al. evaluated the cytotoxicity of pristine SWCNTs towards E. 
coli, another gram-negative bacterium, as a function of SWCNT loading in electrospun 
polymer mats. As the loading of pristine SWCNTs increased from 0.1 to 1% w/w, cell 
death increased from 18% to 76%, respectively.60  In the present study, the cytotoxicity 
we observed for P. aeruginosa increased from 27% to 73% cell death as the O-SWCNT 
loading increased from 0.1% to 1%, respectively. In another study, Rodrigues et al. saw 
90% cell death of E. coli on MWCNT/poly(N-vinylcarbazole) nanocomposites with 6% 
w/w MWCNT, while in our studies on O-CNT/PVOH nanocomposites, we observed 
86% cell death of P. aeruginosa for 5% w/w O-MWCNT.59 Although the 
microorganisms and type of CNTs differed amongst these CNT/PNC studies, the 
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similarities in the results are striking and suggest that the antimicrobial properties of 
CNT/PNCs toward gram-negative bacteria may be broadly similar across a range of CNT 
types. Interestingly, in studies where pristine SWCNTs and MWCNTs were simply 
deposited onto surfaces, only 85% and 30% cell death occurred for E. coli, 
respectively.43, 44, 77 Similar or even greater levels of cytotoxicity were observed in the 
present study for surfaces that contained ≤ 10% w/w CNTs. This suggests that the CNT 
dispersion state may also be important in determining antimicrobial properties.43, 44, 47, 59, 
77  
Although our experimental data does not provide a means to definitively prove 
which mechanism(s) are responsible for the cytotoxicity of oxidized CNTs, a mechanism 
that we can rule out in this study is one being caused by the release of metal ions from 
metal nanoparticles that are often present in CNTs (Figure A3.23). This was evaluated 
explicitly in the present study by using ICP-MS to measure the yttrium ion concentration 
released from O-SWCNT/PVOH nanocomposites (~0.2 ppt) after an hour of immersion 
in sterilized Milli-Q water. Results showed that the metal ion concentration was at or 
below the detection limit of the ICP-MS (~0.1-1 ppt) (Figure A3.23), much lower than 
the typical concentrations within the parts per billion to parts per million range that can 
lead to an inhibitory effect on microbial growth.78, 79 Moreover, a cytotoxicity mechanism 
governed by the release of metal ions would be unlikely to require direct contact to exist 
between CNTs and the microorganisms. Cell death simply caused by an increase in 
hydrophobicity from an increase in CNT content was also ruled out by showing that a 
hydrophobic surface (poly-ɛ-caprolactone) does not exhibit antimicrobial properties 
towards P. aeruginosa after one hour of bacterial deposition (Figure A3.24). We note that 
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most of the commonly proposed mechanisms that are used to explain CNT cytotoxicity 
could reasonably be expected to scale with the total contact area between attached 
microorganisms and polymer-surface bound CNTs. For example, the probability that the 
end of a CNT would align correctly so as to puncture the cell membrane of an attached 
microorganism should increase with the CNT-microorganism contact area.43, 44, 49 A 
cytotoxicity mechanism that scaled with the number of contact events and/or the CNT-
microorganism contact area would also be anticipated should membrane lipid disruption 
or protein binding contribute to cell death.50, 80 Similarly, the magnitude of oxidative 
stress generated by CNTs would also increase with CNT loading.43, 50-52  
In terms of broader environmental implications, this investigation reveals that the 
cytotoxicity of CNTs will be preserved for both SWNCTs and MWCNTs embedded in 
commercial products after oxidation. Consistent with previous studies, our results 
demonstrate the necessity for direct contact to exist between surface-bound CNTs and 
attached microorganisms for antimicrobial effects to occur, with the caveat that not every 
CNT-microorganism interaction leads to cell death. 43, 44, 47, 59, 60, 77 In most commercial 
products where CNTs are not directly exposed to the surrounding environment, 
antimicrobial properties will not manifest themselves until CNTs are exposed at the 
surface of the material (e.g. after a coating has been degraded). However, even under 
these conditions, CNT-containing surfaces cannot be considered truly antimicrobial since 
the onset of biofilm growth will only be slowed by the presence of surface-bound CNTs, 
but not inhibited.  
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3.5. Appendix 3 Summary 
Additional information on spray-coating (Figure A3.1); SEM analysis; CNT 
broadening in SEM; replicate images at each nanocomposite loading (Figure A3.2); 
details of XPS analysis and spectra of O-SWCNT/PVOH nanocomposites (Figure A3.3); 
qualitative SEM dissolution controls (Figures A3.4 & A3.5); replicate CLSM images of 
LIVE/DEAD stained P. aeruginosa on PVOH, 10% w/w O-MWCNT/PVOH, and 10% 
w/w O-SWCNT/PVOH nanocomposites from three separately grown cultures to 
showcase cell attachment consistency in the CLSM data (Figure A3.6); microbial frozen 
stock preparation; growth curves in LB broth with kinetic analysis (Figure A3.7); BMM 
media composition, microbial growth procedures; growth curves in BMM with and 
without 90 ppb O-SWCNTs and O-MWCNTs with kinetic analysis (Figure A3.8); details 
of the LIVE/DEAD staining procedure, a CLSM image of LIVE/DEAD stained P. 
aeruginosa grown on PVOH for 6 hours (Figure A3.9);  a CLSM image of a dead control 
where P. aeruginosa was intentionally lysed with ethanol and LIVE/DEAD stained 
(Figure A3.10); details of CLSM; details of the LIVE/DEAD cell counting software 
analysis; LIVE/DEAD stained background fluorescence controls (Figure A3.11); cell 
attachment controls (Figure A3.12); fluorescence photobleaching and quenching controls 
(Figures A3.13-A3.14); EPS staining and EPS stain background fluorescence controls 
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(Figures A3.16 & A3.17); spatial comparison of P. aeruginosa on 1% w/w O-MWCNT 
and O-SWCNT/PVOH nanocomposites using SEM with “live-on-dead” structures shown 
in CLSM (Figures A3.18 & A3.19), SEM microbial fixation procedure details and 
images of P. aeruginosa on PVOH and 10% w/w O-MWCNT/PVOH (Figure A3.20); 
antimicrobial trends on O-MWCNT/PVOH and O-SWCNT/PVOH nanocomposites as a 
function of surface CNT loading (Figure A3.21); an illustration of the number density 
effect of O-MWCNTs versus O-SWCNTs in PVOH at 1% w/w with respect to 
microorganism attachment (Figure A3.22); ICP-MS analysis of metal ion release (Figure 
A3.23); sp-ICP-MS analysis of CNT release using 89Y as a proxy for CNTs released from 
nanocomposites in this study; a CLSM image of LIVE/DEAD stained P. aeruginosa on 
hydrophobic PCL (Figure A3.24); and a table of CNT metal content as determined by 
energy dispersive X-ray analysis (EDS).    
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4.1. Nanoimpacts 
Following consumer use, microorganisms will associate with and potentially form 
biofilms on carbon nanotube/polymer nanocomposite (CNT/PNC) surfaces in the 
environment. These CNT/PNC surfaces can have a range of different characteristics as a 
result of polymer matrix type, manufacturing method, wear during consumer use, or 
environmental transformations. This study shows that CNTs at the surface of a CNT/PNC 
are cytotoxic to microorganisms, and their presence causes a layer of dead cells to form, 
regardless of whether the CNTs are initially at the CNT/PNC surface or reach the surface 
as a result of polymer degradation during biofilm growth. CNT/PNCs used in consumer 
products therefore have the potential to be cytotoxic to microorganisms as the polymer 
matrix degrades. However, once CNTs at the surface are coated with a layer of dead 
cells, live-on-dead biofilm formation occurs under both static and low shear conditions, 
indicating that healthy biofilm growth on CNT/PCL nanocomposites will be delayed, but 
not prevented. The need for direct contact to be present between CNTs and 
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microorganisms for cytotoxicity to occur will likely limit the use of CNT/PNCs in 
antimicrobial applications as biofouling will ultimately still occur. The existence of a 
dead layer of cells at the interface between the CNT/PNC and the active biofilm may, 
however, have implications for the physical stability of the biofilm (e.g. to sheer forces) 
and to the long term fate of the polymer itself (e.g. biodegradability). 
4.2. Introduction 
Polymers, by virtue of their wide range of desirable properties and ease of 
production, are prevalent in every aspect of life ranging from familiar daily plastics such 
as rubber bands, garbage bags, and packaging materials to coatings used in the 
automobile and aerospace industries.1-3 Incorporation of carbon nanotubes (CNTs) into 
polymers to prepare CNT/polymer nanocomposites (CNT/PNCs) has received increasing 
attention due to the beneficial material properties that CNTs can impart to polymers, 
greatly enhancing their range of potential applications. These improved properties can 
include high tensile strength, extraordinary hardness, and excellent thermal and electrical 
conductivity.4-8 For this reason, industrial manufacturing of nanoproducts for consumer 
use, typically within the range of 1 - 5% w/w CNTs, is already underway for applications 
that include electronic devices, charge-dissipating packaging, fuel tanks, and anti-
biofouling surfaces.9-12 
Since plastic products that include CNT/PNCs will eventually enter the 
environment at the end of their consumer use, their ultimate fate will be strongly 
influenced by their interactions with microbial communities.13-17 During the earliest 
stages of microbial exposure to CNTs that are present at a CNT/PNC surface, cell death 
has been observed with a number of different microorganisms such as Escherichia coli 
(E. coli), Bacillus subtilus, Staphylococcus epidermidis (S. epidermidis) and 
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Pseudomonas aeruginosa (P. aeruginosa).18-22 For E. coli and P. aeruginosa, it has been 
shown that this antimicrobial effect increases with mass fraction of CNTs (% w/w) at the 
surface, regardless of whether the CNTs are pristine, oxidized (O-CNT), multi-wall 
(MWCNT), or single-wall (SWCNT).22, 23 Mechanistic explanations of CNT cytotoxicity 
have been proposed that include cell membrane penetration by CNTs due to their high 
aspect ratio, cell membrane disruption, and oxidative stress.21, 24-29 While it has not been 
proved definitively which one or combination of these mechanisms is responsible for 
CNT cytotoxicity, it has been shown that cell death tends to occur only when CNTs are in 
direct contact with microorganisms, although not every single contact event necessarily 
leads to cell death.22 
The initial interactions of microbes with CNT/PNCs can also potentially influence 
biofilm development, or the growth of microbial communities, at the CNT/PNC 
surface.18, 19, 22, 23 Biofilm formation begins with: (1) reversible cell attachment followed 
by, (2) cell division, (3) irreversible attachment using secreted extracellular polymeric 
substances (EPS), (4) maturation, and (5) cell dispersion to promote biofilm formation at 
other locales.17, 30, 31 Biofilm formation occurs ubiquitously on most surfaces exposed to 
microbial populations and improves the tolerance of microorganisms to dry and/or 
nutrient deficient conditions, promotes nutrient accumulation from the environment, and 
keeps extracellular enzymes in close proximity to cells to aid in the metabolism of 
substrates.32 Biofilms also play an important role in a wide range of environmental 
processes including the sieving, attachment to, or removal of contaminants from water; 
the stabilization of sediments; flocculation, settling, and dewatering in wastewater 
treatment; and biodegradation processes involving dissolved, colloidal, and solid organic 
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materials such as oil droplets and polymeric materials.32-34 For polymer surfaces that can 
be degraded by microorganisms, biofilm formation is also the prerequisite to 
biodegradation and the presence of CNTs could therefore influence the rate of this 
process.35-37 In addition to their role in the natural environment, biofilms can decrease the 
efficiency of processes in industrial settings such as water flow in pipes and biofilms can 
lead to infections in the human body, oftentimes through formation on medical devices, 
where they have been shown to be 10-1000 times more resistant to antibiotics than 
planktonic cells.16, 30, 38-45 Consequently, biofilm reduction and/or removal are commonly 
targeted by toxic release agents, low energy surfaces, and/or antimicrobial surfaces.40, 44-
50  
CNTs are thought to have a physicochemical-dependent antimicrobial effect that 
derives from their ability to disrupt the formation of biofilms that develop on the surface 
of CNT/PNCs.18-20, 22, 51 As a result, efforts have been made to exploit the cytotoxicity of 
CNTs to create new anti-biofouling surfaces or improve existing anti-biofouling 
technologies.18-21, 43, 52, 53 For example, the use of CNT/PNCs as an antimicrobial surface 
coating has been proposed for SWCNTs dispersed into the biomedical polymer, 
poly(lactic-co-glycolic) acid (PLGA), which demonstrated a significant diminishment in 
the viability and metabolic activities of E. coli and S. epidermidis at the CNT/PNC 
surface.21 CNT antimicrobial properties have also been exploited in water disinfection 
applications by modifying membranes with CNTs, although the long term biofilm growth 
on these surfaces has not been investigated.43, 54-56 To our knowledge, no studies have 
shown that CNT-containing surfaces can be used to detach microorganisms due solely to 
their antimicrobial properties. Instead, they have been used commercially in existing 
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paints and coatings to further reduce marine organism growth on boat hulls by providing 
a nanostructured underlayer to a silicone or fluoropolymer surface with a low free energy 
of cell attachment.44, 45, 52, 53 
Since CNT/PNCs are expected to be one of the biggest projected commercial uses 
of CNTs, it is important to study the growth and development of biofilms on different 
types of CNT/PNC surfaces that will be present in the environment following consumer 
use.4-8 In many cases, CNT/PNC products would be expected to have a buried CNT-
structure or surface coating on which a biofilm would first grow. On the other hand, some 
CNT/PNCs might initially have CNTs exposed at the surface or CNTs that become 
exposed as a result of environmental degradation processes.15, 57-60 The effect of CNTs on 
mature biofilm growth has only been investigated or partially considered in a few 
studies.43, 51 In one study, Rodrigues and Elimelech determined that the antimicrobial 
properties of CNTs reduced biofilm growth on a CNT-coated surface over a 48 h time 
period but led to the release of nutrients from attached dead cells.51 This release of 
nutrients was hypothesized to promote biofilm colonization on top of the dead microbial 
layer which could serve as a protective barrier for living cells from the underlying, 
cytotoxic CNTs.41, 51 These “live-on-dead” biofilm structures have been observed in a 
biofilm development study on a silver-palladium antimicrobial surface, where cell death 
of a silver-resistant strain of E. coli occurred at the surface due to an electrochemical 
redox processes while silver-resistant microorganisms readily formed colonies atop this 
dead layer of cells.61 “Live-on-dead” structures have also been observed in Geobacter 
anodireducens biofilms, grown on an electrode surface to form an active component in a 
bioelectrical system, under electrochemical conditions that were not conducive to 
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maintaining a homogenous, metabolically active biofilm.62 In contrast, a systematic study 
to analyze how biofilms develop on CNT/PNCs has not yet been investigated. 
To address this question, the focus of the present study has been to compare and 
contrast biofilm growth on a range of different surfaces, including; (a) a polymer without 
CNTs, (b) PNC surfaces with different CNT loadings, where the CNTs were initially 
buried below the surface but became exposed as a result of polymer degradation during 
biofilm growth, and (c) a PNC surface where CNTs were initially exposed at the surface. 
To facilitate a comparison of these different scenarios, we used poly-ɛ-caprolactone 
(PCL) as a common polymer matrix. PCL was selected because it is benign to 
microorganisms and is commonly found in polymer blends used in trash bags, 
incontinence products, and bandage wrappers.63 As a result, biofilm growth on PCL 
could be directly compared to biofilm growth on CNT/PNCs to clearly delineate any 
observed CNT effects from normal biofilm development processes.38, 39, 64-68 PCL is also 
biodegradable, which allowed us to study how biofilm growth was impacted by the 
accumulation of CNTs at a polymer surface as a result of PCL biodegradation.64-66, 69 
Oxidized multi-wall carbon nanotubes (O-MWCNTs) were chosen as the CNT filler 
since they were able to uniformly disperse within the PCL matrix and have previously 
been shown to exhibit cytotoxicity.22 It should be noted that biodegradation of CNTs was 
not a factor in this study since this process has only been observed for oxidized CNTs 
exposed to harsh, acellular conditions involving enzymes such as horseradish peroxidase 
and even then, only partial biodegradation of O-MWCNTs was observed.70, 71  
Pseudomonas aeruginosa (P. aeruginosa) wild type was chosen as a model 
microorganism since Pseudomonas species readily form biofilms, are commonly found in 
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the environment, and are able to biodegrade PCL.64-66, 69 For comparison of different 
aqueous environments, biofilms were grown under drip flow reactor (DFR) and static 
conditions, with and without low shear and constant replenishment of a food source, 
respectively.72, 73 Biofilm development on surfaces prepared with 0.5% and 2% w/w O-
MWCNT/PCL with the CNT loadings chosen for their commercial relevance, were 
monitored and compared at various growth stages to PCL (0% w/w O-MWCNTs) under 
the same conditions using LIVE/DEAD staining coupled to confocal laser scanning 
microscopy (CLSM).9-12 This allowed us to differentiate green-fluorescent living cells 
from red-fluorescent dead cells based on membrane integrity.74 Biomass and thickness 
analysis measurements were also made using COMSTAT 2 software to compare biofilm 
development on PCL versus CNT/PCL nanocomposites.75, 76 
4.3. Experimental 
The experimental section is organized as follows: section I describes the 
preparation of CNT/PCL nanocomposites, section II describes the characterization of the 
prepared CNT/PCL nanocomposites, section III describes the methods and conditions 
used to grow biofilms on the CNT/PCL nanocomposite surfaces, and section IV describes 
how biofilm development was analyzed.  
4.3.1. Section I: CNT/PCL Nanocomposite Preparation 
4.3.1.1. Preparation of PCL and CNT/PCL Casting Solutions 
Pristine MWCNTs (Nanocyl NC7000, outer diameter 9.5 nm, 1.5 µm 
length, 90% purity) were oxidized “in-house” to obtain O-MWCNTs with a total 
oxygen content of 4.1%, measured using X-ray photoelectron spectroscopy 
(XPS). Further information is provided in the appendix. O-MWCNTs were also 
dispersed in 70:30 ethanol/water, sonicated for 30 s, and dried on a holey carbon 
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grid for TEM characterization (JEOL JEM 1220, 120 kV accelerating voltage). 
From the TEM images, the O-MWCNT diameter distribution was measured in 
15-20 areas using DigitalMicrograph software (Gatan Inc., Pleasanton, CA). The 
average O-MWCNT diameter was 9.4 ± 1.2 nm, consistent with the 9.5 nm 
diameter measured by the manufacturer. TEM data is shown in Figure A4.1 along 
with XPS data on the atomic surface composition of the O-MWCNTs. O-
MWCNTs were dispersed in chloroform (99.8% GR ACS, Cat #CX1055-6, 
EMD) to prepare two suspensions having concentrations of 50 mg/L (for 0.5% 
w/w O-MWCNT/PCL) and 200 mg/L (for 2% w/w O-MWCNT/PCL) O-
MWCNTs. 1 g/L of ethyl cellulose (Sigma-Aldrich, Cat #433837), a natural and 
biocompatible surfactant, was added to each suspension to enhance the O-
MWCNT colloidal stability in chloroform.77, 78 The O-MWCNT/ethyl cellulose 
suspensions were ultra-sonicated in a cold ice-water bath for 3 h (Branson 1510 
bath sonicator, 70 watts) with the water changed every 20 min to avoid heating 
the suspension; these low temperatures optimized the CNT dispersion quality. 10 
g/L poly-ɛ-caprolactone (PCL, Sigma-Aldrich, Cat #440752) was then added to 
each O-MWCNT/ethyl cellulose suspension to produce 0.5 or 2% w/w O-
MWCNT/PCL casting solutions that were then ultra-sonicated for another 2 h 
following the same ice-water bath procedure. At this stage the suspensions were 
centrifuged (PowerSpin LX Centrifuge, Unico, USA) at 3000 rpm for 5 min to 
remove any glass or remaining bundled CNTs for a final concentration of slightly 
less than or equal to 50 or 200 mg/mL O-MWCNTs in the casting solution. 
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Unmodified polymer without O-MWCNTs was prepared by sonicating 10 g/L 
PCL in chloroform for 2 h with 1 g/L ethyl cellulose. 
4.3.1.2. Preparation of PCL and CNT/PCL Films Suitable for CLSM 
Imaging 
Thin films of PCL and CNT/PCL nanocomposites were spray-coated onto 
modified glass microscope slides, since an underlying support is required for 
CLSM imaging. Due to the hydrophobicity of PCL, it was found that the glass 
slides required octadecyltrichlorosilane (OTS) modification to increase CNT/PCL 
nanocomposite adhesion (Figure A4.2).79-83 Further information on OTS 
modification and characterization can be found in the appendix. The spray-
coating process, which is detailed in the appendix and shown in Figure A4.3, 
yielded uniformly dark O-MWCNT/PCL coatings (0.5 and 2% w/w) as 
demonstrated in Figure A4.2.  
4.3.1.3. Preparation of Photolyzed CNT/PCL Nanocomposites 
Photodegraded samples were prepared by exposing CNT/PCL 
nanocomposites to hydroxyl radicals to mimic the effects of indirect photolysis in 
aqueous environments.84-86 This represents a form of accelerated weathering. To 
generate these photodegraded CNT/PNC samples, thicker 2% w/w O-
MWCNT/PCL nanocomposites, without an underlying OTS-modified slide, were 
prepared as described in the appendix. CNT/PCL nanocomposites spray-coated 
onto OTS-modified glass slides were not used because initial studies revealed that 
photolysis caused some of the CNT/PCL coatings to detach into solution. As 
illustrated in Figure A4.4, photolysis was effected by tightly wrapping thick 
CNT/PCL samples around glass slides (4.0 cm x 1.2 cm x 0.1 cm) using Teflon 
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tape and immersing these prepared samples individually into quartz test tubes 
(12.5 cm length, 1.3 cm diameter, Southern New England Ultraviolet Company, 
Branford, Connecticut) containing 0.5 M hydrogen peroxide solution.86 The 
surfaces of these CNT/PCL samples were then exposed to both hydroxyl radicals 
and UV light by irradiating the hydrogen peroxide and immersed samples at 254 
nm for 24 h at 35 °C in a Rayonet Photochemical Chamber Reactor (Model: RPR-
100, Southern New England Ultraviolet Company, Branford, Connecticut, 
1.62*1017 Photons/sec/cm3, 16 bulbs). 
4.3.2. Section II: CNT/PNC Characterization 
4.3.2.1. Surface Morphology and Composition 
Replicate SEM images of PCL, 2% w/w O-MWCNT/PCL, and 2% w/w 
O-MWCNT/polyvinyl alcohol (PVOH) nanocomposites are shown in Figures 
A4.5-A4.7 and triplicate SEM images are shown for 0.5% w/w O-MWCNT/PCL 
nanocomposites in Figure A4.8. The preparation and analysis of replicate areas 
and separately prepared CNT/PNCs is further outlined in the appendix. The 2% 
w/w O-MWCNT/PVOH nanocomposites were prepared by spray-coating and 
imaged using SEM to serve as a comparison to 2% w/w O-MWCNT/PCL 
nanocomposites as described in more detail in the appendix. An SEM image of 
pure PVOH is provided for reference (Figure A4.7). In addition to the SEM image 
shown in Figure 4.5, replicate SEM images (Figure A4.9) were also taken for 2% 
w/w O-MWCNT/PCL nanocomposites before and after photodegradation. 
Attempts were also made to image the surfaces of biodegraded CNT/PCL 
nanocomposites by removing the biofilm coating using 1% w/w sodium 
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polyphosphate immersion for 5 days followed by rinsing with Milli-Q water, an 
example of which is shown in Figure A4.10. 
4.3.2.2. PCL and CNT/PCL Film Thickness 
Side-views of PCL and 2% w/w O-MWCNT/PCL coatings on OTS-
modified slides were imaged in replicate areas (>5) using SEM. For each image, 
replicate thickness measurements (>5) of the PCL or 2% w/w O-MWCNT/PCL 
coating were made using ImageJ software (Bethesda, MD). Both PCL and 2% 
w/w O-MWCNT/PCL had a consistent thickness of approximately 1 µm across 
the OTS-modified slide. 
4.3.3. Section III: Methods and Conditions of Biofilm Growth on CNT/PCL Surfaces 
 
4.3.3.1. Inoculation of PCL and CNT/PCL Surfaces 
To begin a biofilm experiment, a 0.5 mL frozen culture of P. aeruginosa 
wild type (ATCC 27853) was added to 75 mL LB broth (25 g L-1) and grown 
overnight to the stationary phase on an incubator shaker at 225 rpm and 37 °C. 
The overnight cultures were grown in LB broth for rapid microbial growth which 
enabled practical timing in terms of transfer and growth in basal mineral media 
(BMM) followed by flow cell setup the next day. BMM was used for further 
growth and to match that of the sterile feed used in the DFR since it is well 
defined and more environmentally relevant.87 Next, 0.20 mL of the overnight 
culture was transferred to 100 mL of BMM containing 3.270 g/L acetate and 
grown to the exponential phase (O.D. 0.040 to 0.060 at 540 nm) on the incubator 
shaker at 300 rpm. This corresponded to 3.0 ± 0.1 x 108 CFU/mL, the average 
CFU/mL and standard deviation of two separately grown P. aeruginosa cultures. 
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Further information on the P. aeruginosa frozen stocks and the BMM 
composition are provided in the appendix. 
In order to initiate biofilm growth under both static and drip flow 
conditions, PCL and CNT/PCL samples were first inoculated with 20 mL of the 
exponential phase P. aeruginosa culture for 1 h at room temperature. This 
allowed the P. aeruginosa to initially attach to the samples prior to biofilm 
development. Following initial P. aeruginosa attachment, a sterile BMM feed was 
flowed over the samples for the remainder of the experiments. 
4.3.3.2. Drip Flow Reactor (DFR) 
The DFR used in this study was capable of housing six slides at one time 
for biofilm studies.88 Immediately prior to an experiment, the DFR (Model DFR 
110-6, BioSurface Inc., Bozeman, MT) was aseptically assembled and prepared 
according to the manufacturer’s specifications. Modifications were made to meet 
our experimental needs (see Figure A4.11). Specifically, this involved setting the 
apparatus at a negative angle of -2.3° with the port side higher than the drip side, 
opposite to the ordinary DFR setting.40, 88, 89 This allowed media to drip down the 
samples at a downward (positive) angle, facilitating complete sample immersion 
and a uniform media flow over the hydrophobic PCL and CNT/PCL samples. 
This prevented inconsistent growth patterns and bacteria dry-out in different 
sample areas that would occur in the typical DFR configuration.  
Biofilm experiments in the DFR were initiated by rinsing samples that had 
been inoculated for 1 h in depleted media (BMM with no acetate) to remove 
loosely adhered cells. Samples were then gently transferred into the DFR 
chambers, which were pre-filled with media to prevent drying. The media was 
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then allowed to flow through 1.30 mm inner diameter tubing into each reactor 
chamber at a flow rate of 0.35 mL/min, corresponding to a flow residence time of 
40 min, using an Ismatec BVK peristaltic pump (IDEX, Germany). This flow was 
sustained throughout the course of each experiment, which ranged in time from 6 
to 96 h. Low carbon source (0.2 g/L acetate) BMM (low C BMM) was used since 
higher carbon source concentrations were found to cause additional biofilm 
formation at the air-liquid interface that hampered biofilm development on the 
samples, presumably as a result of oxygen depletion. The flow rate was checked 
before and after the experiment to ensure an approximate value of 0.35 mL/min 
was maintained; the flow rate was kept constant by using large inner diameter (8 
mm) exit tubing to minimize fouling due to biofilm formation at the exit port. For 
every O-MWCNT/PCL nanocomposite placed in the DFR there was a 
corresponding PCL control. Four biofilm thickness regimes were identified based 
on the biofilm thicknesses measured on the PCL control.   
4.3.3.3. Static Experiments 
After 1 h of initial microbial attachment, PCL and O-MWCNT/PCL 
nanocomposites were rinsed in depleted media to removed loosely attached 
microorganisms, and then transferred to sterile dishes containing 20 mL of low C 
BMM (0.2 g/L acetate) and sat for approximately 2 weeks under static conditions.  
Photodegraded CNT/PCL nanocomposites were rinsed gently with sterile 
Milli-Q water five times and left tied to the glass slide for the inoculation 
procedure. Photodegraded CNT/PCL nanocomposites were inoculated under 
static conditions for 1 h and 2 weeks. The 2 week samples had 1 mL of BMM 
containing 3.270 g/L acetate added twice at regularly spaced intervals. This 
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provided an additional food source sufficient to maintain microbial growth for the 
duration of the experiment. 
4.3.4. Section IV: Analysis of Biofilm Development on CNT/PCL Nanocomposites 
 
4.3.4.1. LIVE/DEAD Staining and Confocal Laser Scanning Microscopy 
(CLSM) Imaging  
At the end of an experiment, each sample was gently removed from the 
DFR chamber or dish used for static inoculation. Samples were then rinsed in 
depleted media (DM) to wash away any loosely adhered bacteria.88 As outlined in 
the SI, a FilmTracer LIVE/DEAD Biofilm Viability Kit (Molecular Probes, 
Invitrogen) was used to differentiate the living and dead cells within the biofilms. 
Samples were then rinsed with depleted media to remove excess stain. 
LIVE/DEAD stained biofilms on the PCL and CNT/PCL surfaces were imaged 
using CLSM. Further information on image acquisition is detailed in the 
appendix. Because the depth of field was too high to image biofilms within the 
DFR, biofilms were directly imaged using an inverted 40x water immersion 
objective, a method used previously to image LIVE/DEAD stained biofilms.90, 91 
In this configuration, samples were coated with Vectashield Mounting Media 
(Vector Laboratories Inc., Burlingame, CA) to maintain fluorescence and prevent 
dryout that could interfere with the imaging results. Fluorescence intensity 
remained constant throughout the scanning of all biofilms, indicating that there 
were no photobleaching or quenching effects as a result of the CNTs, polymer, or 
the imaging conditions. Numerous staining procedural details were also followed 
to ensure the accuracy and validity of the results; these are outlined in our 
previous study and listed in the appendix.22 Additional background staining 
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controls performed for the PCL and CNT/PCL samples used in this study are 
described in the appendix and shown in Figures A4.12 and A4.13.  
4.3.4.2. Biofilm Controls on Glass Slides and OTS-Modified Glass Slides 
Biofilms were grown on glass slides under both static (Figure A4.14) and 
drip flow conditions (Figure A4.15) for the longest exposures studied; 2 weeks 
and 72-96 h, respectively. They were then stained and imaged according to the 
protocol outlined in the previous section. Bacteria grown on OTS-modified slides 
for 6 h were also LIVE/DEAD stained and imaged to show that OTS was not 
cytotoxic (Figure A4.16). 
4.3.4.3. Analysis of Biofilm Images 
Three dimensional biofilm images (XYZ projections) were reconstructed 
by the microscope software Slidebook (Intelligent Imaging Innovations, Denver, 
CO). At least 6 replicate biofilm images were taken in different sample areas for 
every sample imaged. Replicate CLSM images are shown in Figures A4.17-A4.21 
for Figures 4.2, 4.3, 4.4, and 4.5, respectively. Separately grown biofilms were 
also imaged (Figure A4.17) under DFR conditions to show consistency in biofilm 
development. 
COMSTAT 2 biofilm analysis software was used to measure the biomass 
volume (µm3/µm2) and biomass thickness (µm) under both drip flow and static 
conditions for PCL and 2% w/w O-MWCNT/PCL nanocomposites (Figure 4.2 & 
4.4, Table A1). These measurements were also made for 0.5% w/w O-
MWCNT/PCL under DFR conditions.75, 76, 92 As described in the appendix, 
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manual thickness measurements were also made to validate the COMSTAT 2 
measurements and yielded similar results, as shown in Table A1. 
4.4. Results and Discussion   
The SEM images in Figure 4.1 show the structure and morphology of: (a) PCL, 
(b) a 2% w/w O-MWCNT/PCL nanocomposite, and (c) a 2% w/w O-MWCNT/PVOH 
nanocomposite after spray-coating.  
 
Figure 4.1. SEM comparison of the surface morphology and CNT content of: a) PCL, b) 
2% w/w O-MWCNT/PCL, and c) 2% w/w O-MWCNT/PVOH. 
A comparison of Figure 4.1a,b reveals that the addition of CNTs to the PCL matrix leads 
to a rougher surface. Faint, but discernible CNT like structures are also observed in the 
2% w/w O-MWCNT/PCL nanocomposite images. In contrast, SEM data for the 2% w/w 
O-MWCNT/PVOH nanocomposite (Figure 4.1c) shows clearly distinguishable CNT 
structures. It should be noted that the CNTs are somewhat broadened in diameter due to 
the presence of a platinum coating that was used to prevent charging during SEM.22  
Previous XPS studies have shown that CNTs present at the surface of PVOH are at a 
concentration representative of the CNT concentration (2% w/w) in the casting solution.22 
Although CNTs were not clearly distinguishable at the 2% w/w O-MWCNT/PCL 
nanocomposite surface, a uniformly dark PNC was produced, indicating the presence of 
well-distributed CNTs throughout the PCL matrix.22 We interpret the difference in the 
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SEM images between the CNT/PVOH and CNT/PCL nanocomposites to be an indication 
that the CNTs in the CNT/PCL nanocomposite are not present at the very topmost surface 
layer, but are slightly buried below the surface. This is also supported by the initially 
benign interaction of the microorganisms with the 2% w/w O-MWCNT/PCL 
nanocomposite, indicated by the green-fluorescent living cells in the bottom left panel of 
Figure 4.2a, which is in sharp contrast to the cytotoxicity of the CNT/PVOH 
nanocomposites at similar CNT mass fractions in our previous study.22 Buried-CNT 
structures have been observed previously with CNT/PNCs such as MWCNT/epoxy while 
in other cases, CNTs have been shown to reside at the surface or accumulate gradually 
during environmental degradation processes.15, 22, 23, 57, 93  
Figure 4.2a shows the progression of P. aeruginosa biofilm growth on PCL (top 




Figure 4.2. a) CLSM images of LIVE/DEAD stained P. aeruginosa grown in a DFR on 
PCL (top row) and 2% w/w O-MWCNT/PCL (bottom row). Regimes 1-4 (6 – 96 h) 
represent increasing levels of biofilm growth based on the biofilm thicknesses observed 
on PCL. For each panel, the top image is a side view of the biofilm and the bottom image 
is the inverted biofilm to show where the biofilm makes contact with the sample surface. 
Quantitative comparison of biofilms on PCL and 2% w/w O-MWCNT/PCL under DFR 
conditions is also made using COMSTAT 2 b) biomass volume and c) thickness analysis. 
Each data point represents duplicate samples with at least five replicate areas per sample. 
Since P. aeruginosa can biodegrade PCL but not CNTs, our hypothesis was that 
the CNT/PCL surface characteristics would transform, and that these changes would 
influence biofilm development. The top CLSM image within each panel (e.g. PCL 
Regime 1) is a side view of the biofilm while the bottom image is inverted to show the 
part of the biofilm in direct contact with the surface. In these experiments P. aeruginosa 
biofilms were grown on PCL and 2% w/w O-MWCNT/PCL surfaces in a DFR. The DFR 
was used to simulate slow-flowing water in the environment (~200 mL/h) such as 
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freshwater rivers and thermal hot springs.72 In these experiments, the biofilm thicknesses 
on PCL samples were used as a point of reference to track the maturity of the biofilms on 
the CNT/PCL nanocomposites. The use of the PCL samples as an internal reference was 
found to be necessary as precise time-course evolution between different P. aeruginosa 
cultures was too variable. Based on this approach, the maturity levels of the biofilms 
were classed into four regimes based on the biofilm thickness observed on the PCL 
surface (measured as an average of ≥ 6 images with COMSTAT 2): the primary (regime 
1), secondary (regime 2), tertiary (regime 3) and final (regime 4) stage with biofilm 
thicknesses of 8 ± 1 µm, 13 ± 2 µm, 19 ± 5 µm, and 22 ± 5 µm, respectively (Figure 
4.2c). Biomass volume measurements also increased on PCL between each regime as 
shown in Figure 4.2b and Table A1. 
During the initial period of biofilm growth (regime 1) the CLSM images show 
discrete colonies formed on both PCL and 2% w/w O-MWCNT/PCL surfaces, dominated 
almost exclusively by living cells. Indeed, the structure of the biofilms that initially form 
on the two surfaces are similar in terms of a high number of green-fluorescent, living 
cells with a slight difference in terms of thickness (8 ± 1 µm for PCL versus 7 ± 1 µm for 
2% w/w O-MWCNTs). The initially benign interaction of microorganisms with the 
nanocomposite surface is further supported by Figure A4.22 which shows green-
fluorescent, living cells on the 2% w/w O-MWCNT/PCL surface from 1 h of initial 
attachment to 6 h of static microbial growth. In our previous study O-MWCNTs were 
shown to be cytotoxic towards P. aeruginosa. Consequently, the initially benign nature of 
the 2% w/w O-MWCNT/PCL surface is consistent with the lack of CNTs at the PNC 
surface as suggested by the SEM data in Figure 4.1b. The absence of initial cytotoxicity 
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for the CNT/PCL nanocomposite surface is also a reflection of the need for direct contact 
to occur between CNTs and microorganisms for the antimicrobial effect of CNTs to 
become operative.22  
In regime 2, however, differences begin to appear in the nature of the biofilms on 
the two surfaces. For PCL, the thickness of the biofilm increases (8 ± 1 µm to 13 ± 2 µm) 
as the surface becomes uniformly covered with P. aeruginosa. Although the vast majority 
of the attached cells are green-fluorescent, living cells, a small number of dead cells (red-
fluorescent) are now observed at the interface between the PCL surface and the biofilm. 
These red-fluorescent dead cells are localized inside the mushroom-like colonies, 
consistent with the natural biofilm development process in which dead cells appear deep 
within the biofilm because they are used as an additional food source or aid in biofilm 
sloughing.38, 39, 67, 68 On the 2% w/w O-MWCNT/PCL nanocomposite, the biofilm 
thickness also increases between regimes 1 and 2 (7 ± 1 µm to 10 ± 2 µm) although it 
remains thinner than the biofilm formed on the PCL. However, the most striking 
difference in the biofilms on the PCL and O-MWCNT/PCL surfaces is the distribution of 
living and dead cells. Specifically, the biofilm on the 2% w/w O-MWCNT/PCL surface 
in regime 2 is now dominated by red (dead) cells in direct contact with the surface, 
although some green (living) cells are still observed. We attribute this marked change in 
the properties of the 2% w/w O-MWCNT/PCL nanocomposite between regime 1 and 2 to 
biodegradation of the PCL polymer, leading to exposure of CNTs at the surface and the 
onset of cytotoxicity. The delayed onset of cytotoxicity at the 2% w/w O-MWCNT/PCL 
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surface is consistent with the idea that the CNTs were initially present below the nascent 
PNC surface prior to biodegradation (see Figure 4.1b).  
PCL biodegradation has been observed before by biofilms used in denitrification 
applications and with P. aeruginosa in mass loss studies conducted in our laboratory.94 In 
this study, only a thin (nanometer scale) thickness of the PCL coating is required to 
expose CNTs at the surface by PCL biodegradation. Although we could not directly 
measure PCL biodegradation on the 1 µm thick CNT/PNC film used in this study, we 
have performed related studies where mg quantities of pure PCL are degraded by P. 
aeruginosa cultures over the course of a few months. In contrast, we have seen no 
evidence that P. aeruginosa can biodegrade CNTs or the ethyl cellulose surfactant over a 
similar timescale. Thus, all of the experimental evidence points to the accumulation of 
CNTs at the surface being a result of PCL biodegradation.  
It should be noted that the cytotoxicity of the CNTs in the present study is 
observed despite the fact that the CNT surfaces are oxidized and presumably at least 
partially coated with the surfactant ethyl cellulose. In our previous study, we have 
confirmed that oxidized MWCNTs and SWCNTs can exhibit antimicrobial properties at 
the surface of CNT/PNCs.22 In this case, the addition of ethyl cellulose clearly does not 
mitigate the cytotoxicity of the O-MWCNTs as well. Ethyl cellulose itself does not 
contribute to the cytotoxicity since it is known to be biocompatible and is also present in 
the unmodified polymer references on which active biofilm growth occured.76, 77 
Collectively, these observations suggest that different CNTs embedded in PNC materials 
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will display cytotoxicity regardless of CNT type, surface oxidation, or the presence of a 
surfactant.22, 23  
By the tertiary stage of growth, differences between the biofilms on the PCL and 
2% w/w O-MWCNT/PCL surfaces are even more dramatic. While the bacteria at the 
PCL/biofilm interface are still composed almost exclusively of living cells with the 
exception of some dead cells in the thicker biofilm regions, the 2% w/w O-MWCNT/PCL 
surface is now best described as a carpet of dead cells at the PNC/biofilm interface. 
Relative to regime 2, the increase in cytotoxicity of the 2% w/w O-MWCNT/PCL surface 
for regime 3 can be explained by the continued biodegradation of the PCL polymer, 
leading to a continuously increasing concentration of CNTs at the PNC/biofilm interface 
and a correspondingly more cytotoxic surface. In general, the appearance of the 
PNC/biofilm interface for regime 4 was similar to regime 3 with slightly more dead cells 
carpeting the surface of the CNT/PNC. One possible explanation for the cell death 
observed in the lower layers of the biofilm is that the CNTs are simply blocking access of 
the microorganisms to the underlying PCL substrate, which is serving as a food source. 
This possibility was ruled out by conducting separate control studies where biofilms were 
grown on glass slides to similar thicknesses (>20 µm) as those observed in regime 4. 
These studies revealed that the acetate and oxygen concentrations in the media were 
sufficient to keep the majority of the biofilm cells alive on an inert, glass surface (Figure 
A4.15). Consequently, the cell death observed on 2% w/w O-MWCNT/PCL 
nanocomposites can be reasonably attributed to antimicrobial contact between P. 
aeruginosa and CNTs.   
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In addition to the carpet of dead cells at the PNC/biofilm interface, the CLSM 
images in Figure 4.2a (regime 3) reveal the presence of a layer of living (green) cells on 
top of the dead layer. This observation is indicative of the ability of a metabolically active 
biofilm to form on top of a dead layer, the latter acting to effectively shield the living 
cells from the cytotoxicity of the CNTs.41, 51 Upon moving from regime 2 to regime 3, the 
biofilm thickness increases on both the PCL (13 ± 2 µm to 19 ± 5 µm) and the 2% w/w 
O-MWCNT/PCL nanocomposite (10 ± 1 µm to 18 ± 4 µm), despite the differences in 
cytotoxicity between the two surfaces.  
Transitioning from regime 3 to 4, the biofilm thickness increases on the PCL 
surface (19 ± 5 µm to 22 ± 5 µm) while the biofilm thickness on the 2% w/w O-
MWCNT/PCL nanocomposite decreases slightly (18 ± 4 µm to 15 ± 3 µm). However, on 
the 2% w/w O-MWCNT/PCL nanocomposite, biomass volume (>20%) increases from 
regime 3 to 4. This indicates further microbial growth despite a compression in biofilm 
thickness, possibly a result of living microorganisms consuming cellular material from 
the underlying dead layer of microorganisms.51 Overall, the same type of “live-on-dead” 
biofilm structure observed in regime 3 is also present in regime 4 on the 2% w/w O-
MWCNT/PCL nanocomposite.  
A schematic representation of biofilm development on PCL and 2% w/w O-
MWCNT/PCL nanocomposites from regimes 1 to 4 is shown in Figure 4.6a,b, 
respectively, highlighting the increase in cytotoxicity of the CNT/PCL surface due to the 
accumulation of CNTs as a result of PCL biodegradation and the subsequent formation of 
a “live-on-dead layer.” This “live on dead” phenomenon is consistent with our previous 
study, where even at very short time points (1 h) on initially CNT-covered surfaces, some 
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living bacteria were shielded by a layer of dead bacteria in direct contact with the 
underlying CNTs. It should be noted that biofilm formation will also be accompanied by 
the secretion of EPS which contributes to the increase in biomass volume. Although we 
did not stain specifically for EPS, the EPS produced during biofilm growth did not 
prevent the onset of CNT cytotoxicity as indicated by the formation of a dead cell layer in 
Figure 4.2a. Accounting for the vertical resolution and fluorescence scattering between 
optical slices discussed in our previous publication, we estimate that this dead layer 
corresponds to a layer of one to three microorganisms (2-7 µm thick), consistent with the 
need for direct contact to occur in order for CNTs to exert their cytotoxicity.22  
DFR experiments and biofilm analysis were also performed after initial 
attachment and at the final growth stage (regime 4) on an O-MWCNT/PCL 
nanocomposite with a lower (0.5% w/w) CNT concentration. CLSM images of 
LIVE/DEAD stained P. aeruginosa after 1 h of attachment to 0.5% w/w O-
MWCNT/PCL nanocomposites (Figure A4.23) show that the CNT/PCL surface is 
initially benign. This is consistent with the absence of CNTs or a low CNT loading at the 
surface, the latter suggested by the SEM images (Figure A4.8). At regime 4 of biofilm 
development, or the final growth stage (Figure 4.3b), the 0.5% w/w O-MWCNT/PCL 
nanocomposite surface contains a mixture of living and dead cells, somewhere 
intermediate between the fraction of dead cells on the PCL control shown in Figure 4.3a 
and the 2% w/w O-MWCNT/PCL nanocomposite shown in Figure 4.3c. Thus, for the 
0.5% w/w O-MWCNT/PCL nanocomposite it appears that the accumulation of CNTs 
from polymer biodegradation has not yet reached a point where the concentration of 
CNTs exposed at the surface is sufficient to have a cytotoxic effect on all of the attached 
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P. aeruginosa. This implies that the rate at which a biofilm forms a dead layer of cells 
would vary with CNT loading as the surface degrades.  
 
Figure 4.3. A CLSM comparison of LIVE/DEAD stained P. aeruginosa biofilms grown 
in a drip flow reactor on PCL, 0.5% w/w, and 2% w/w O-MWCNT/PCL at regime 4. 
COMSTAT analysis also reveals that the biofilm thickness (and biomass volume) 
on the 0.5% O-MWCNT/PCL nanocomposite is less than on the PCL (15 ± 1 µm versus 
22 ± 3 µm). In contrast, the biofilm thickness on the 0.5% w/w is similar to the biofilm 
thickness on the 2% w/w O-MWCNT/PCL nanocomposite (15 ± 1 µm versus 15 ± 3 µm) 
despite the significantly larger fraction of dead cells on the 2% w/w O-MWCNT/PCL 
nanocomposite. 
To compare the effect of growth conditions, biofilms were grown on PCL and 2% 
w/w O-MWCNT/PCL nanocomposites under static conditions without shear or food 
source replenishment. In contrast to the DFR, static conditions simulate another type of 
environmentally relevant setting involving microbial growth in stagnant water such as 
puddles, swamps, slow moving groundwater, or small ponds.73 In these experiments, 
biofilm development was monitored on O-MWCNT/PCL nanocomposites at three stages, 
each corresponding to an increasing biofilm thickness on PCL reference samples. A 
comparison of drip flow (Figure 4.2a) and static conditions (Figure 4.4a) reveals that the 
biofilms grown under static conditions differ in terms of morphology. Specifically, the 
biofilm structure is much more uniform under static conditions because growth is not 
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influenced by flow currents. This is most evident by the mushroom-like colonies and 
heterogeneous biofilms formed in the DFR.72, 88 However, both drip flow and static 
conditions produce similar biofilm growth patterns on PCL and 2% w/w O-
MWCNT/PCL surfaces (compare Figure 4.2 and 4.4). Under both growth conditions, the 
initial biofilms on PCL and 2% w/w O-MWCNT/PCL surfaces consist of mostly living 
cells, the green-fluorescent biofilm becomes thicker on the PCL control, and a red-
fluorescent dead layer of cells eventually forms at the 2% w/w O-MWCNT/PCL 
nanocomposite/biofilm interface (Figure 4.2a and Figure 4.4a). Additionally, for the 2% 
w/w O-MWCNT/PCL nanocomposites, green-fluorescent living cells are observed on top 
of dead cells in the later stages of biofilm development (Figure 4.2a & Figure 4.4a, 
Regime 3). For the same samples, similar biofilm development trends were observed in 
terms of changes in biofilm thickness and biomass volumes under both static and DFR 
conditions (summarized in Figure 4.2b-c, Figure 4.4b-c, and Table A1). The absolute 
values of biofilm thickness and biomass volume were generally lower on CNT/PCL 
nanocomposites than on the pure polymer, presumably because CNT accumulation from 
polymer degradation led to cell death. However, biofilm thickness and biomass volume 
still increased at each stage of biofilm development as a result of active biofilm growth 
that continued on top of a dead layer of cells. 
It is also worth noting that although both DFR and static conditions produce a 
“live-on-dead” biofilm structure, a much thicker layer of green-fluorescent living cells 
atop a carpet of dead cells is observed for the DFR biofilm than for the static biofilm. We 
ascribe this difference to carbon source depletion that limits cell growth under static 
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conditions (Figure 4.4) and carbon source replenishment under DFR conditions that 
promotes cell division at the surface.  
 
Figure 4.4. a) CLSM images of LIVE/DEAD stained P. aeruginosa grown under static 
conditions on PCL (top row) and 2% w/w O-MWCNT/PCL (bottom row). Regimes 1-3 
(1 h – 2 weeks) represent increasing levels of biofilm growth based on the biofilm 
thicknesses observed on PCL. Quantitative comparison of biofilms on PCL and 2% w/w 
O-MWCNT/PCL under static conditions is also made using COMSTAT 2 b) biomass 
volume and c) thickness analysis. Each data point represents duplicate samples with at 
least five replicate areas per sample. 
Rapid cell division as a result of the continuous carbon source feed can also 
account for the similarities in the biofilm thickness and volume on both 0.5 and 2% w/w 
O-MWCNT/PCL under DFR conditions (Figure 4.3). Regardless, under both growth 
conditions a dead cell layer was required to allow living cells to grow on top of the CNT 
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surfaces, as illustrated in Figure 4.6b (DFR conditions) and Figure A4.24 (static 
conditions). Under both flow and static conditions, the antimicrobial effect of CNTs on 
biofilm formation could be clearly observed over time as the CNTs accumulated at the 
PNC/biofilm interface due to biodegradation of the surrounding polymer matrix.64-66 
However, attempts were made to remove the biofilm without success by immersing 
samples in a 2% w/w sodium polyphosphate solution for 48 h with and without shaking 
followed by several washes with the same solution; this prevented us from directly 
observing CNTs at the CNT/PNC surface following polymer biodegradation (with 
SEM).95, 96 
To study the biofilm formation characteristics of a CNT/PNC where CNTs were 
initially present at the surface, static biofilms were grown on 2% w/w O-MWCNT/PCL 
nanocomposites that were first degraded under aggressive oxidizing conditions (Figure 
4.5).  
 
Figure 4.5. a) An SEM image showing CNT accumulation at the surface of a 2% w/w O-
MWCNT/PCL nanocomposite following exposure to H2O2 in the presence of UV 
irradiation for 24 h and b) CLSM images of LIVE/DEAD stained P. aeruginosa grown 
on this type of photolyzed surface under static conditions for 1 h and 2 weeks with 
acetate food source replenishment. 
This was carried out by exposing O-MWCNT/PCL nanocomposites to H2O2 in the 
presence of UV irradiation for 24 h. SEM analysis shown in Figure 4.5 reveals that this 
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treatment causes the removal of a thin layer of PNC and the accumulation of a large 
concentration of CNTs at the surface (2.1% average mass loss). Studying biofilm growth 
on this type of surface was also motivated by the expectation that many PNC surfaces 
will accumulate CNTs at the PNC/air interface over time as a result of naturally occurring 
environmental degradation processes such as photolysis and weathering.15, 57, 59, 60 As 
shown in Figure 4.5, after 1 h of P. aeruginosa inoculation, almost all of the cells that 
attached to this type of CNT/PNC surface experienced cell death. This is in marked 
contrast to the initially benign surfaces observed for the 2% w/w O-MWCNT/PCL 
nanocomposites that had not been photolyzed (compare Figure 4.4a, Regime 1 and Figure 
4.5b). However, after 2 weeks of growth under static conditions with the acetate food 
source replenished twice, “live-on-dead” structures were observed. Results from these 
studies further support the idea that a CNT-covered surface leads to cell death for bacteria 
that come into direct contact with the CNTs but not for those protected by a conditioning 
layer of dead cells.  
Overall, “live-on-dead” biofilm structures formed on all CNT/PCL surfaces once 
coated by a full dead layer of cells under both static and DFR conditions. This was in 
stark contrast to the green-fluorescent biofilms formed on PCL. To highlight biofilm 
development on CNT/PNCs with different surface characteristics, a side-by-side 
comparison of biofilm progression is illustrated for: (a) pure PCL, (b) 2% w/w O-
MWCNT/PCL nanocomposites that accumulate CNTs at the surface during polymer 
biodegradation, and (c) and 2% w/w O-MWCNT/PCL nanocomposites that have CNTs 




Figure 4.6. Illustrations that compare biofilm development on a) PCL and b) 2% w/w O-
MWCNT/PCL, transformed as a result of polymer biodegradation under DFR conditions, 
and on c) photolyzed 2% w/w O-MWCNT/PCL with CNTs initially present at the 
CNT/PNC surface. 
We assert that the biofilm development process observed on CNT/PCL 
nanocomposites in this study can be generalized to other types of polymer matrices. 
Figure 4.6c represents how biofilms would develop on CNT/PNCs where CNTs are 
initially present at the surface, or CNT/PNCs where CNTs have accumulated as result of 
weathering (e.g. photolysis, wear) prior to microbial interaction, while Figure 4.6b would 
be appropriate for CNT/PNCs in contact with microorganisms as CNTs accumulate at the 
PNC surface over time during environmental transformation processes (e.g. 
biodegradation, dissolution, etc.).15, 57-60  
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Our results demonstrate that CNT/PNC surfaces are only cytotoxic until they 
become coated with dead bacteria, limiting their use as antimicrobial materials. This 
conditioning layer of dead cells has been observed on other surfaces such as Ag-Pd and 
can be considered an inherent weakness of many anti-biofouling technologies that use 
solely cytotoxic effects to combat biofilm growth.61 However, further studies on the 
stability of this “live-on-dead” biofilm structure will be useful to assess if there are 
conditions under which this type of biofilm sloughs away, allowing biofilms to form and 
subsequently be released in cycles on CNT/PNC surfaces. If biofilms are able to detach 
from CNT/PNCs, this would improve the potential for CNT/PNC surfaces to be used as 
antimicrobial coatings, at least in certain situations.  
The dead layer of bacteria observed on CNT/PNCs also has the potential to affect 
the biodegradation of the underlying polymer matrix, a process in which extracellular 
enzymes produced by the attached microbial community can use the polymer substrate as 
a food source and break down polymeric chains to lower molecular weight units and 
eventually to small molecules such as CO2 and water.15, 35-37, 57, 59, 60, 97-103 Since CNT 
accumulation can lead to a full layer of dead cells across the CNT/PNC surface but living 
cells can form on top of the dead cells, the living cells may still be able to metabolize the 
PCL substrate using the EPS of the biofilm matrix. However, the dead cell layer may 
instead serve as a barrier that prevents living cells from accessing and biodegrading the 
underlying PCL. Therefore it is unclear whether the full dead layer of cells formed as a 
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result of CNT accumulation will render the CNT/PNC persistent or allow for continued 
biodegradation of the polymer matrix. 
4.5. Conclusions 
This study provides insights into how the development of biofilms on CNT/PNCs 
will be influenced by the surface characteristics of the CNT/PNC. The CNT/PCL 
nanocomposites studied had an initially benign interaction with microorganisms due to 
the lack of CNTs present at the surface. However, as the PCL matrix biodegraded, 
enrichment of CNTs at the surface increased the surface cytotoxicity. In terms of CNT 
loading, a dead cell layer was formed on the 2% w/w O-MWCNT/PCL nanocomposite 
but not on the 0.5% w/w O-MWCNT/PCL nanocomposite, indicating that CNT loading 
will have an effect on the rate at which the CNT/PNC surface becomes antimicrobial. On 
CNT/PCL samples where CNTs were initially exposed at the surface to simulate a 
weathered CNT/PCL nanocomposite, a full dead layer of cells was observed. At each 
growth stage, biofilm thickness and biofilm volume were always lower on CNT/PCL 
surfaces as compared to PCL. Since direct contact between the microorganisms and the 
CNTs was required for cell death, active biofilm growth occurred on all CNT-containing 
surfaces once a full layer of dead cells had formed at the PNC/biofilm interface. This 
demonstrates that once CNT/PNCs with a buried CNT network accumulate CNTs as a 
result of environmental transformation, the formation of a “live-on-dead” biofilm 
structure will be similar to that observed on CNT/PNCs with CNTs already present at the 
surface. The pattern of biofilm development was found to be similar under both DFR and 
static conditions although the rate of biofilm formation and structure of the biofilm 
differed. Collectively, the results of this study have implications for the fate and 
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persistence of CNT/PNC products in the environment and the likely limitations of 
CNT/PNCs in anti-biofouling applications. 
4.6. Appendix 4 Summary 
 XPS and TEM data, a schematic of OTS modification of glass slides and the 
spray-coating process, an illustration of the CNT/PNC photodegradation procedure, 
replicate SEM images, a picture of the drip flow reactor setup, replicate confocal laser 
scanning microscopy images of LIVE/DEAD stained P. aeruginosa on CNT/PCL 
nanocomposite samples and controls, biomass volume and biofilm thickness 
measurements made with COMSTAT 2, and an illustration of biofilm growth on 2% w/w 
O-MWCNT/PCL nanocomposites under static conditions. 
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Chapter 5. Relevant Controls and Considerations for Aerobic Single Culture 
Biodegradation of Carbon Nanotube/Polymer Nanocomposites 
 
5.1. Introduction 
Polymers can be tailored for different applications by blending additives such as 
fillers, colorants, plasticizers, stabilizers, and flame retardants into polymer matrices.1, 2 
Carbon nanotubes (CNTs), in particular, have emerged as a useful filler since their 
incorporation into a polymer matrix at a low mass fraction, typically 1-5% w/w, can 
produce CNT/polymer nanocomposites (CNT/PNCs) with two broad types of 
enhancement in polymer properties: structural or functional.3-12 Structurally, CNTs can 
enhance the tensile strength, elastic modulus, and hardness of a polymer without a 
significant increase in product weight as would be the case with metal additives.4, 7-10, 13, 
14 Enhancement of thermal or flame resistance, electrical conductivity, and 
thermomagnetic interference are a few of the functional properties that can be obtained 
from the addition of CNTs to a polymer.15-18 Thus CNTs have already been incorporated 
into a wide range of commercially available products that include anti-static packaging, 
wind turbines, fuel tank linings, sporting equipment, headphone speaker diaphragms, and 
even biomedical implants and devices.3, 13, 19-23 
With the expanding use of CNTs in products, the environmental impact of CNT-
containing polymer waste warrants investigation. Similar to everyday plastics, 
CNT/PNCs are likely to end up in landfills, surface waters, and wastewater treatment 
plants following consumer use.13, 24, 25 At this point in the life cycle of a polymeric 
material, its ultimate fate can be strongly influenced by interactions with microorganisms. 
Biodegradation of polymeric materials, or transformation by microorganisms, involves 
146 
 
enzymatic break-down of polymer chains to lower molecular weight products and 
eventually small molecules such as carbon dioxide, methane, and water.26 The kinetics of 
biodegradation for different polymers can range from a few days to several hundred 
years.27 Material class, crystallinity, tacticity, molecular weight, and the presence of 
additives can also have a large impact on polymer biodegradation rates.27 Polymer 
biodegradation can proceed under aerobic or anaerobic conditions by using oxygen or an 
alternative electron acceptor, respectively, to drive respiration.28, 29 Under aerobic 
conditions, polymers are considered biodegradable if they can be > 60% mineralized to 
CO2 within 180 days by microorganisms.30, 31   
Many petroleum based polymers, such as polyethylene, do not contain functional 
groups that can be easily transformed by enzymes and as a result, are recalcitrant to 
biodegradation. Nevertheless, even these biologically inert plastics can eventually be 
degraded by microorganisms, oftentimes in tandem with other environmental conditions 
such as weathering, hydrolysis, and photodegradation which can oxidize and shorten 
polymer chains to a more metabolically accessible form for microganisms.26, 32-34 
Biodegradable additives such as starch or cellulose can also be added to biologically inert 
polymers to promote polymer fragmentation, by introducing a biodegradable component 
into the polymer composite.35, 36 A sub-class of petroleum based polymers, such as 
polybutylene succinate (PBS) and poly-ɛ-caprolactone (PCL), are considered 
biodegradable on a rapid time scale (days- months).37-39 Many bio-derived polymers, 
such as polyhydroxyalkanoates (PHA), cellulose, and starch, are also biodegradable, and 
are being produced in increasing quantities due to their sustainable and economical 
precursors.26, 32, 36, 40  Derived from plants, microorganisms, and fungi, these polymers 
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oftentimes require fillers such as CNTs to improve their mechanical properties to the 
have desirable materials properties and functionality.40, 41  
In order to assess the biodegradability of CNT/PNCs, exposure of different 
polymer types to a single culture of microorganisms was first undertaken and the percent 
mass loss over time was used as a means of discriminating rapidly biodegrading 
polymers from those that biodegraded too slowly on an experimentally relevant 
timescale. This was also done prior to starting the biofilm work in Chapter 4 to ensure 
polymer type was consistent in both the biofilm development study and the 
biodegradation study. Only biodegradable polymers were used since an accelerated time 
scale was required to complete CNT/PNC biodegradation studies, with the prospect of 
generalizing observed trends to a variety of CNT/PNC types when possible. To 
biodegrade the polymers, Pseudomonas aeruginosa was used as the single culture of 
microorganisms since Pseudomonas species contain lipases, a subclass of esterase 
enzymes that can hydrolyze ester bonds, which were present in some of the polymer 
structures that were screened for rapid biodegradability.42, 43 Furthermore, the use of a 
single culture provided more control relative to mixed culture conditions, which can be 
highly variable batch to batch.  
An additional polymer screening method was the ability of a polymer to yield 
CNT/PNCs with a good CNT dispersion quality using solution blending methods. A 
polymer was only considered if the uniformity of CNTs in its matrix were, at minimum, 
visually homogenous. PCL was a good choice since a variety of CNT types dispersed 
uniformly throughout its matrix using ethyl cellulose (EC), a natural and biocompatible 
surfactant that has been used as a surfactant in other matrices.44-47 Next, the polymer 
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chosen was not permitted for use if any mass loss could occur in an abiotic control as a 
result of polymer dissolution over the course of several weeks. This was to ensure that all 
mass loss observed from CNT/PNCs was a result of polymer biodegradation.48 The 
polymers that best fit all of these criteria were PCL and PHA. Since the structure of PCL 
is well known while commercially available PHA exists as a copolymer consisting of 
unknown fractions of two or three different types of monomers, PCL was used for the 
majority of studies in order to have finer control over biodegradation conditions. Further 
advantages of using PCL for CNT/PNC biodegradation studies as well as some 
applications of PCL are described in the next chapter. Pristine multi-wall (MWCNT) and 
slightly oxidized multi-wall CNTs (LO-MWCNTs) were used for the reasons outlined in 
Chapter 2. 
In order to design a study to assess CNT/PNC biodegradation using PCL as the 
polymer matrix, several considerations had to be made to ensure rapid and consistent 
biodegradation results. First, to produce PCL films, hereafter referred to as coupons, the 
casting solvent used had to generate a homogenous CNT dispersion quality and not 
substantially inhibit the rate of PCL biodegradability. Solvent boiling point and 
solvent/polymer interactions can alter polymer biodegradability by changing the degree 
of polymer crystallinity.49 The degree of crystallinity is an important factor in 
biodegradation processes since crystalline regions of a polymer are more unfavorable to 
biodegrade due to steric hindrance during enzymatic approach and the energy input 
required to disrupt a stable conformation of polymer chains.49 Solvents that include 
tetrahydrofuran, (THF), chloroform (CHCl3), and dichloromethane (DCM) were all tested 
for their effect on PCL biodegradability and their ability to disperse CNTs. The molecular 
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weight of a polymer is also an important factor in polymer biodegradability, and was 
therefore kept constant throughout this study using consistent polymer sonication 
times.49-52 EC content (% w/w) and EC biodegradability were also investigated since 
additives can have an effect on the biodegradation rate of a polymer.1  
Lastly, the effect of carbon source on PCL biodegradation was evaluated, as the 
presence of an external food source can have an accelerating or decelerating effect on 
PCL metabolism by a microorganism.39, 53, 54 In initial studies, sodium acetate trihydrate 
(ReagentPlus, ≥99.0%, Sigma-Aldrich) was used as the carbon source in basal mineral 
media (BMM) at high (577 mg/L C) and low (35 mg/L C) concentrations.55 The 
advantage of using high carbon source BMM (high C BMM) was to first grow a large 
population of microorganisms using the acetate to maximize the number of bacteria 
available to degrade PCL. However, the bacteria could preferentially metabolize acetate 
in place of PCL under these conditions and as a result, degrade PCL slowly. The other 
approach was to use low carbon source BMM (low C BMM) to supplement the 
microorganisms with less carbon, and as a result, provide the microorganisms with more 
opportunity to acclimate to and degrade PCL.53, 54 Lastly, the effect of using a small 
molecule version of PCL, or PCL triol, was attempted to accelerate acclimation of P. 
aeruginosa to PCL coupons for biodegradation. Once conditions had been optimized for 
PCL biodegradation and CNT/PCL preparation, biodegradation studies could be 
systematically conducted with CNT/PCL nanocomposites as outlined in later chapters. 
5.2. Experimental 
5.2.1. PCL Coupon Preparation in THF 
Pure PCL coupons were prepared by adding 400 mg of PCL to 40 mL of 
tetrahydrofuran (THF, Omnisolv, TX0279-1) followed by 3 h sonication (Branson 1510 
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Ultrasonic Bath, 70 W) in ice water. The ice water bath was replenished every 1 h to 
minimize solvent volatilization. A 10 mL ± 0.02 mL graduated cylinder was used to 
distribute the polymer casting solution in 5 mL aliquots to (44 mm diameter, 12.5 mm 
height, Fisher Scientific) aluminum dishes. Samples were covered overnight to allow for 
slow, consistent solvent evaporation. The next day, PCL coupons were soaked in a DI 
water bath since this was found to help separate the PCL coupons from their aluminum 
dishes. PCL coupons were then trimmed around their outer edges to a consistent shape 
and size, resulting in coupons between 16-21 mg. 
5.2.2. Ethyl cellulose (EC) Coupon Preparation 
Pure EC coupons were prepared by adding 1600 mg EC (48.0 - 49.5% (w/w) 
ethoxyl basis, Lot # BCBG4792V, Sigma-Aldrich) into 160 mL of chloroform (CHCl3, 
HPLC grade, C607-4) followed by 3 h sonication in ice water. The ice water bath was 
replenished every 1 h to minimize solvent volatilization. A 50 mL ± 0.25 mL graduated 
cylinder was used to distribute the polymer casting solution in 20 mL aliquots to 
aluminum dishes. Due to the brittle nature of the EC coupons, 20 mL was found to be the 
minimal casting volume that could be used to remove the EC coupons from the aluminum 
dishes. Samples were covered overnight to allow for slow, consistent solvent evaporation. 
EC samples were then trimmed around their outer edges to a consistent shape and size, 
resulting in coupons weighing between 40-50 mg. 
5.2.3. PCL (4% w/w EC) and 2% w/w LO-MWCNT/PCL (4% w/w EC) Preparation in 
THF 
2% w/w LO-MWCNT/PCL nanocomposites were prepared by adding 16 mg of 
EC (48.0 - 49.5% (w/w) ethoxyl basis, Lot # BCBG4792V, Sigma-Aldrich) and 8 mg of 
LO-MWCNTs (described in Chapter 2) to a 50 mL Erlenmeyer flask containing 40 mL of 
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THF. The EC macromolecules were used for CNT stabilization in THF. LO-MWCNTs in 
EC were sonicated in an ice water bath for 2 h. 400 mg of PCL was then added to the 
CNT suspension and sonicated for an additional 3 h. During all steps of sonication, the 
ice water bath was replenished every 1 h to minimize solvent volatilization and improve 
dispersion quality. In a separate flask, 400 mg of PCL and 16 mg of EC were added to 40 
mL of THF and sonicated for 3 h with 1 h ice replenishment to generate PCL references. 
The PCL (4% w/w EC) casting solution was sonicated for 3 h for consistency with the 
polymer sonication time used for the CNT/PCL nanocomposites casting solution. A 10 
mL ± 0.02 mL graduated cylinder was used to distribute the two casting solutions into 5 
mL aliquots to aluminum dishes. Samples were covered overnight to allow for slow, 
consistent solvent evaporation. The next day, PCL and CNT/PCL nanocomposites were 
soaked in a DI water bath since this was found to help separate the coupons from their 
aluminum dishes. PCL and CNT/PCL nanocomposites were then trimmed around their 
outer edges to a consistent shape and size, resulting in coupons between 16-21 mg. 
5.2.4. PCL Coupon Preparation in Chloroform and Dichloromethane 
Pure PCL coupons were prepared in chloroform and dichloromethane according 
to the same procedure outlined for pure PCL coupon preparation in THF. 
5.2.5. PCL of Varied EC Loadings and 2% w/w LO-MWCNT/PCL (20% w/w EC) 
Preparation in CHCl3 
2% w/w LO-MWCNT/PCL nanocomposites were prepared by adding 80 mg of 
EC (48.0 - 49.5% (w/w) ethoxyl basis, Lot # BCBG4792V, Sigma-Aldrich) and 8 mg of 
LO-MWCNTs (described in Chapter 2) to a 50 mL Erlenmeyer flask containing 40 mL of 
CHCl3. LO-MWCNTs in EC were sonicated in an ice water bath for 3 h. 400 mg of PCL 
was then added to the CNT suspension and sonicated for an additional 3 h. During all 
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steps of sonication, the ice water bath was replenished every 1 h to minimize solvent 
volatilization and improve dispersion quality. In a separate flask, 400 mg of PCL and 80 
mg of EC were added to 40 mL of CHCl3 and sonicated for 3 h with 1 h ice 
replenishment to prepare PCL references. The PCL (20% w/w EC) casting solution was 
sonicated for 3 h for consistency with the polymer sonication time used for the CNT/PCL 
nanocomposites casting solution. A 10 mL ± 0.02 graduated cylinder was used to 
distribute the two casting solutions into 5 mL aliquots to aluminum dishes. Samples were 
covered overnight to allow for slow, consistent solvent evaporation. The next day, PCL 
and CNT/PCL nanocomposites were soaked in a DI water bath since this was found to 
help separate the coupons from their aluminum dishes. PCL and CNT/PCL 
nanocomposites were then trimmed around their outer edges to a consistent shape and 
size, resulting in coupons between 16-21 mg. 
5.2.6. PCL (4% w/w EC) and 0.5% w/w LO-MWCNT/PCL (4% w/w EC) Preparation in 
DCM 
0.5% w/w LO-MWCNT/PCL nanocomposites were prepared by adding 16 mg of 
EC (described in 5.2.2.) and 2 mg of LO-MWCNTs (described in Chapter 2) to a 50 mL 
Erlenmeyer flask containing 40 mL of DCM (DCM, >99.8%, Sigma-Aldrich). LO-
MWCNTs in EC were sonicated in an ice water bath for 1 h. 400 mg of PCL was then 
added to the CNT suspension and sonicated for an additional 3 h. During all steps of 
sonication, the ice water bath was replenished every 1 h to minimize solvent 
volatilization and improve dispersion quality. In a separate flask, 400 mg of PCL and 16 
mg of EC were added to 40 mL of DCM and sonicated for 3 h with 1 h ice replenishment 
to generate PCL references. The PCL (4% w/w EC) casting solution was sonicated for 3 
h for consistency with the polymer sonication time used for the CNT/PCL nanocomposite 
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casting solution. A 10 mL ± 0.02 graduated cylinder was used to distribute the two 
casting solutions into 5 mL aliquots to aluminum dishes. Samples were covered overnight 
to allow for slow, consistent solvent evaporation. The next day, PCL and CNT/PCL 
nanocomposites were soaked in a DI water bath since this was found to help separate the 
coupons from their aluminum dishes. PCL and CNT/PCL nanocomposites were then 
trimmed around their outer edges to a consistent shape and size, resulting in coupons 
between 16-21 mg. 
5.2.7. Crystallinity Measurements 
Differential scanning calorimetry (DSC) measurements were made on pure PCL 
and PCL (4% w/w EC) prepared in CHCl3, DCM, and THF to characterize the degree of 
polymer crystallinity, a property of polymeric materials that can have an effect on 
biodegradation rates.56 DSC curves were generated using a TA instrument (New Castle, 
Delaware) with a temperature range of room temperature (~25 °C) to 65 °C to capture the 
PCL melting transition at 60 °C.57 A heating rate of 5 °C/min and a cooling rate of 1 
°C/min were used with the temperature maintained at 65 °C for 2 min before cooling 
began. Analysis of the DSC curves was performed using TA Universal Analysis software 
2000 (TA instruments, New Castle, Delaware). The enthalpy of fusion was calculated by 
integrating the endothermic peak (42 to 62 °C) with a linear background. The fraction of 
crystallinity (Xc) was then calculated by dividing the experimental enthalpy of fusion by 
the theoretical enthalpy of fusion (∆H0 = 139.5 J/g).58, 59 
5.2.8. Basal Mineral Media (BMM) Preparation 
BMM was prepared according to standard protocols from the Handbook of Media 
for Environmental Microbiology.55 BMM was chosen for exposure of CNT/PCL 
nanocomposites to P. aeruginosa since this type of media is optimized for P. aeruginosa 
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growth. BMM was prepared by first sterilizing sterilizing Milli-Q water (in house 
system) using a 45 min liquid autoclave cycle. Next, a salt stock solution (containing 7.18 
mM K2HPO4, 2.79 mM KH2PO4, 0.757 mM (NH4)2SO4, 0.0406 mM MgSO4*7H2O and 
trace elements) was added to the sterilized water to prepare a 1:10 dilution of the salt 
stock concentration. A sodium acetate trihydrate carbon source stock was then aseptically 
added to the BMM solution in either a low (low C BMM) or high (high C BMM) 
concentration.55 The final concentrations of sodium acetate trihydrate in low and high C 
BMM were 0.200 g/L (35 mg/L C) and 3.270 g/L (577 mg/L C), respectively. 
5.2.9. Inoculation of PCL and CNT/PCL Nanocomposites with P. aeruginosa 
0.5 mL of P. aeruginosa frozen stock was added to 75 mL LB broth and grown 
overnight at 37˚C and 225 rpm. 0.1 mL of the overnight culture was then added to 75 mL 
of LB broth and grown to the exponential phase (Optical Density of 0.6 - 0.8 at 540 nm). 
0.1 mL of exponential phase P. aeruginosa was then added to 1 L of BMM and shaken 
vigorously. All PCL and CNT/PCL samples were sterilized with ethanol for > 5 min, 
washed with autoclaved Milli-Q water to remove ethanol, and aseptically placed into 
sterile sample flasks. The P. aeruginosa/BMM solutions were distributed in 100 mL 
aliquots to each PCL and CNT/PCL sample flask. For CNT/PCL samples, each 
CNT/PCL flask also contained an internal PCL reference to track the extent of 
biodegradation within a given culture and account for inconsistencies in biodegradation 
rates flask to flask. At least three or four replicates of each coupon type or CNT loading 
used were run. Abiotic controls were prepared by distributing 100 mL aliquots of sterile 
BMM solution to flasks containing separate PCL and CNT/PCL nanocomposite samples.  
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5.2.10. Mass Loss Experiments 
P. aeruginosa cultures containing PCL and/or CNT/PCL nanocomposites were 
shaken at 125 rpm and 28 °C for 2 weeks prior to collection. These conditions were used 
since they were found to yield the most rapid rate of PCL biodegradation. PCL and 
CNT/PCL nanocomposite samples were collected on 9 cm high porosity filter (Fisher 
Scientific, Course, P8, Cat. #: 09-795C) paper by gently pouring the inoculum through 
the high porosity filter using a vacuum filtration system (Stericup and Steritop, 
Disposable Filtration System, Millipore Express Plus PES membrane, 0.22 µm). The 
filter paper was replaced for each sample collected. Next, the samples were removed 
from the filter paper and washed gently with autoclaved Milli-Q water. The samples were 
then placed on top of a 7.5 cm filter paper within a Petri dish for drying in the desiccator; 
the filter paper was used to prevent PCL and CNT/PCL nanocomposites from sticking to 
the Petri dishes. Abiotic controls were separately removed from their flasks following the 
same procedure.  After the PCL and CNT/PCL nanocomposites had dried for 2 d, they 
were massed and photographed. Then, they were sterilized with ethanol for > 1 min, 
washed with autoclaved Milli-Q water to remove ethanol, placed into sterile sample 
flasks, and submerged in 100 mL of freshly prepared P. aeruginosa/BMM solutions for 
another two weeks of biodegradation. Samples were exposed to biodegradation 
conditions in two week increments until they had been fully biodegraded (> 100% mass 




5.2.11. PCL Triol Priming 
The preparation of PCL triol solutions and their use to prime P. aeruginosa for 
PCL biodegradation are described in Chapter 6. Triplicate PCL (4% w/w EC, DCM) 
coupons were prepared for mass loss experiments in P. aeruginosa/PCL triol cultures. 
5.3. Results and Discussion 
PCL was first dissolved in THF and casted into coupons using solution blending. 
PCL prepared in THF was exposed to P. aeruginosa in high C BMM for two weeks, 
removed, washed, sterilized, and exposed to a fresh culture of P. aeruginosa for the next 
time point. This procedure was repeated bi-weekly throughout the study. As shown in 
Figure 5.1, rapid biodegradation of PCL occurred over the course of 14 weeks, with 
100% mass loss observed after only 10 weeks. Therefore, the use of THF as a casting 
solvent for PCL coupons yielded a rapidly biodegradable form of PCL.  
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Figure 5.1. Mass loss plot of pure PCL prepared in THF, biodegraded by P. aeruginosa 
in high C BMM. 
For this reason, LO-MWCNT/PCL nanocomposite coupons were prepared for 
biodegradation studies using THF and were found to be visually uniform in terms of CNT 
distribution throughout the polymer matrix (Figure 5.2).  
 
Figure 5.2. A picture of 2% w/w LO-MWCNT/PCL and PCL prepared using THF and 
4% w/w EC. 
The LO-MWNCTs were dispersed at 2% w/w in the LO-MWCNT/PCL nanocomposites 
using 4% w/w EC. A CNT mass fraction of 2% w/w was chosen since it yielded non-
translucent, black nanocomposites, that provided a good contrast to PCL and was a 
relatively high loading within the range of those used in products (0 – 5% w/w).3, 13, 19-21  
For consistency with the LO-MWCNT/PCL nanocomposites, all PCL references 
were prepared with the same 4% w/w mass concentration of EC. This was found to be 
important after replicate EC samples were run to determine the biodegradability of pure 
EC in the presence of P. aeruginosa/high C BMM (Figure 5.3). Although EC is not 
cytotoxic and biocompatible (Chapter 4), the additive did not biodegrade under the same 
conditions that led to PCL biodegradation. EC was also shown to not dissolve under 




Figure 5.3. Mass loss plot of pure EC in the presence and absence of P. aeruginosa in 
high C BMM. 
As an internal reference, PCL (4% w/w EC) was paired with 2% w/w LO-
MWCNT/PCL nanocomposites (4% w/w EC) for initial biodegradation studies (Figure 
5.4). Hereafter, whenever a set of PCL and CNT/PCL nanocomposite pairs are discussed, 
each contains the same level of EC. Mass loss of PCL and 2% w/w LO-MWCNT/PCL 
nanocomposites was conducted in high C BMM since pure PCL prepared in THF was 
found to rapidly degrade in this media type (Figure 5.1). PCL and 2% w/w LO-
MWCNT/PCL nanocomposites were also submerged in sterile high C BMM and sampled 
under the same conditions to ensure that dissolution was not a factor in any mass loss 
observed. These abiotic controls showed that PCL and LO-MWCNT/PCL 
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nanocomposites do not lose mass in the absence of P. aeruginosa throughout the duration 
of the experiment, indicating that dissolution is not an issue. In the presence of P. 
aeruginosa, the internal PCL reference containing EC fully biodegraded after 20 weeks, 
which required roughly double the time for pure PCL to degrade (Figure 5.1). Therefore, 
in addition to being recalcitrant to biodegradation, the use of EC as an additive can also 
slow the biodegradation rate of PCL. Since EC was necessary for a good CNT dispersion 
quality, it was used at as low of a mass fraction as possible and kept consistent 
throughout a given set of PCL and CNT/PCL nanocomposites.  
In contrast to the internal PCL reference, the paired 2% w/w LO-MWNCT/PCL 
nanocomposites lost less than 5% mass in the same amount of time, indicating that 2% 
w/w LO-MWCNT/PCL nanocomposites are persistent (Figure 5.4). Therefore, the results 
suggest that CNTs have an inhibitory effect on biodegradation, which is a topic to be 




Figure 5.4. Mass loss plots of four replicates of PCL and 2% w/w LO-MWCNT/PCL 
nanocomposites, prepared with THF with each containing 4% w/w EC, as a result of P. 
aeruginosa biodegradation in high C BMM. The PCL and 2% w/w LO-MWCNT/PCL 
nanocomposite samples that were paired in a particular flask (see cartoon) are shown 
with the same line color. Abiotic controls for PCL and 2% w/w O-MWNCT/PCL 
nanocomposites are shown in blue. 
The use of THF with CNTs was found to be problematic since Atlas et al. recently 
discovered that fullerenes, which have a similar carbonaceous structure to CNTs 
(spherical versus cylindrical sp2-hybridized network of carbon, respectively), can adsorb 
THF to their structures and enhance fullerene toxicity.55 This led to false positive results 
for fullerene cytotoxicity and could present the same issues with CNTs. Thus, the use of 
THF might have contributed to the CNT cytotoxicity and inhibition of LO-MWCNT/PCL 
nanocomposite biodegradation observed in Figure 5.4. For that reason, the preliminary 
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CNT/PCL nanocomposite biodegradation results collected here were deemed 
inconclusive and the use of alternative solvents was pursued.  
In Figure 5.5, the effect of casting solvent on PCL biodegradability was explored 
in high C BMM. From this mass loss plot, it is clear that PCL biodegrades most rapidly 
when prepared with THF (PCL-THF), but the potential interference of THF with 
biodegradation results and the lack of analytical methods available to distinguish 
adsorbed THF from the CNTs and polymer matrix precluded its use in our investigation. 
Figure 5.5 also shows that PCL prepared with CHCl3 (PCL-CHCl3) degrades slightly 
faster than PCL prepared with DCM (PCL-DCM).  
 
Figure 5.5. Mass loss plots of pure PCL prepared using three different solvents (CHCl3, 
THF, and DCM) after P. aeruginosa biodegradation in high C BMM. All polymers were 
sonicated for the same amount of time. 
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In order to identify the difference in PCL degradation as a function of solvent 
casting conditions, the crystallinity fractions of PCL-CHCl3, PCL-THF, and PCL-DCM 
were measured using differential scanning calorimetry. The fraction of crystallinity was 
considered an important parameter since it has been shown to have an effect on the 
biodegradability of polymers. Since it is more energetically unfavorable to disrupt 
crystalline regions, a higher fraction of crystallinity is typically associated with less 
biodegradability.55 Rows 1-3 of Table 1 shows the fraction of crystallinity for PCL casted 
with all three solvent types. The % crystallinity (Xc) of PCL-CHCl3 is much higher than 
for PCL-THF, which can explain the reduced biodegradation of PCL-CHCl3 relative to 
PCL-THF. However, the Xc of PCL-DCM is similar to PCL-THF, and PCL-DCM 
degrades at a much slower rate than PCL-THF, opposite to what is expected. Since the 
crystallinities for PCL-THF and PCL-DCM are so similar, there appears to be more than 
one parameter affecting PCL biodegradation as a result of the casting solvent used. 
Although not explicitly proven, the other parameter may involve the difference in boiling 
points between PCL-DCM and PCL-THF: since the boiling point of DCM (39.6 °C) is 
one-third lower than the boiling point of THF (66 °C), the porosity of the PCL-DCM 
coupon formed during casting might be much lower due to rapid DCM evaporation, 
which would lower the available surface area for biodegradation. In contrast, PCL-THF 
may have the greatest biodegradability due to the highest porosity formed as a result of 
the highest boiling point or slowest evaporation during casting coupled to a relatively low 
fraction of crystallinity. Previous studies have shown that polymer morphology in terms 
of porosity and polymer topography can alter the properties of the polymer and 
interactions of cells with their surfaces after casting with different solvents.60, 61 Although 
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the effect of porosity on polymer biodegradability has not been proven in this 
investigation, it is clear that the fraction of crystallinity is not the only factor affecting the 
biodegradability of PCL when using different solvents. 
Table 5.1. The fraction of crystallinity (XC) for PCL, with and without EC, prepared in 
three different solvents (CHCl3, THF, and DCM). XC was calculated from the heat of 
fusion measured using DSC. 
Sample 




Solvent Boiling Point                                    
(°C) 
PCL CHCl3 67.7  61.2 
PCL THF 56.0  66.0 
PCL DCM 53.0  39.6 
PCL/EC CHCl3  52.5 4.6 61.2 
PCL/EC THF  55.6 0.0 66.0 
PCL/EC DCM 46.9 1.8 39.6 
When the same EC fraction (4% w/w) was incorporated into a PCL coupon prepared 
from each of these three solvents, the fraction of crystallinity became similar (Table 1). 
This is not surprising as additives are commonly used to alter the crystallinity of a 
polymer by disrupting polymer chain stacking.55 However, as observed with pure PCL, 
PCL (4% w/w EC) prepared with different solvents still had different biodegradation 
rates in high C BMM. A comparison of PCL-EC-THF and PCL-EC-DCM coupons are 
shown in Figure 5.6. As was the case for pure PCL-DCM and PCL-THF, PCL-EC-DCM 
biodegraded at a slower rate than PCL-EC-THF, presumably due to the difference in 
boiling points that could affect pore size/polymer surface area. Since PCL-EC-DCM 
barely biodegraded (< 5% mass loss) in 16 weeks relative to PCL-EC-THF (> 35% mass 




Figure 5.6. Mass loss plots of PCL (4% w/w EC) prepared using THF and DCM after P. 
aeruginosa biodegradation in high C BMM.  
In Figure 5.7, biodegradation of paired PCL and 2% w/w LO-MWCNT/PCL 
nanocomposites, each prepared in CHCl3 with the same level of EC (20% w/w EC), is 
shown in high C BMM. In comparison to 2% w/w LO-MWCNT/PCL nanocomposites 
prepared in THF, the 2% w/w LO-MWCNT/PCL nanocomposites prepared in CHCl3 
required a higher EC loading (4 versus 20% w/w EC for THF and CHCl3, respectively) to 
achieve a homogenous distribution of LO-MWCNTs in the PCL matrix. Similar to Figure 
5.3, PCL biodegradation is faster than 2% w/w LO-MWCNT/PCL nanocomposite 
biodegradation. The internal PCL reference prepared in CHCl3, however, lost only 20% 
mass after 20 weeks in contrast to the 100% mass loss achieved by the internal PCL 
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reference prepared with THF shown in Figure 5.3. This can be attributed to both 
differences in crystallinity and the higher EC content required for CHCl3 casting.  
  
Figure 5.7. Mass loss of four replicates of PCL and 2% w/w LO-MWCNT/PCL 
nanocomposites, prepared in DCM with each containing 20% w/w EC, as a result of P. 
aeruginosa biodegradation in high C BMM. The PCL and 2% w/w LO-MWCNT/PCL 
nanocomposite samples that were paired in a particular flask are shown with the same 
line color. Abiotic controls for PCL and 2% w/w LO-MWNCT/PCL nanocomposites are 
also shown in blue. 
Similar to Figure 5.3, the 2% w/w LO-MWCNT/PCL nanocomposite prepared in 
CHCl3 also appears to be persistent (< 5% mass loss) and preliminary scanning electron 
microscopy (SEM) results indicate that some CNT accumulation at the surface of a 2% 
w/w LO-MWCNT/PCL (CHCl3) occurs after 20 weeks (Figure 5.8), consistent with the 
effects observed due to CNT build-up at the surface in the biofilm chapter (Chapter 4). 
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Further investigation and discussion of CNT inhibitory effects on biodegradation can be 
found in Chapter 6. 
 
Figure 5.8. SEM images of 2% w/w LO-MWCNT/PCL nanocomposites (prepared in 
CHCl3, 20% w/w EC) before (left) and after (right) >20 weeks of P. aeruginosa 
biodegradation. 
For a good CNT dispersion quality in CHCl3, the EC content required was high 
and only LO-MWCNT/PCL nanocomposites could be prepared. Furthermore, the rate of 
biodegradation was prohibitively slow for CNT/PCL nanocomposite biodegradability 
data collection. Another approach was taken by preparing PCL and CNT/PCL 
nanocomposites with DCM. Although pure PCL-DCM had the slowest rate of 
biodegradation in high C BMM, modifications to the culture conditions were attempted 
to accelerate biodegradation. The choice to use DCM instead of CHCl3, when both 
solvents led to slow biodegradation of pure PCL, was motivated by the fact that DCM 
could be used to prepare LO-MWCNT/PCL nanocomposites as well as pristine 
MWCNT/PCL nanocomposites with a highly uniform CNT distribution at a low EC 
content (4% w/w). To this end, an attempt was made to biodegrade PCL and LO-
MWCNT/PCL nanocomposites prepared in DCM with other types of media. The goal 
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was to accelerate the biodegradation rate to make CNT/PCL nanocomposite 
biodegradation studies more practical. First, biodegradation of PCL prepared in DCM 
was compared in low C BMM and high C BMM (Figure 5.9a). Consistent with previous 
results, there was minimal mass loss under high C BMM conditions. In contrast, 
biodegradation of PCL in low C BMM proceeded at a faster rate, however inconsistently. 
Concurrent experiments that compared PCL and LO-MWCNT/PCL nanocomposites 
(with 4% w/w EC) biodegradation in low C media, showed under 5% mass loss for PCL 
after 16 weeks of biodegradation; an example of paired PCL and 0.5% w/w LO-
MWCNT/PCL nanocomposite biodegradation plots are shown in Figure 5.9b. This 
indicates that a reduced population of microorganisms can acclimate faster to PCL 





Figure 5.9. Mass loss plots of a) pure PCL replicates (DCM) in low and high C BMM as 
well as mass loss plots of PCL and 0.5% w/w LO-MWCNT/PCL nanocomposites (4% 
w/w EC in each) prepared in DCM, as a result of P. aeruginosa biodegradation in low C 
BMM. 
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The limitations of using an acetate food source to biodegrade PCL and LO-
MWCNT/PCL nanocomposites prepared in DCM on a consistent and rapid time scale 
were overcome by replacing acetate with a small molecule version of PCL as the carbon 
source. Acclimation of P. aeruginosa to PCL containing EC was achieved using PCL 
triol (3 g/L) as the sole carbon source for microbial growth prior to PCL and CNT/PCL 
immersion in the inoculum. The optimized version of this process involved growing P. 
aeruginosa in PCL triol/BMM solutions for 31 hours (8.0 ± 0.4 x 107 CFU/mL P. 
aeruginosa, average of triplicate cultures, each sampled in duplicate) and distributing the 
cultures to PCL and LO-MWCNT/PCL nanocomposite coupons for two week intervals, 
following the bi-weekly sampling procedure used under acetate conditions (low and high 
C BMM). As shown in Figure 5.10, mass loss of PCL prepared with DCM (with 4% w/w 
EC) was rapid in the presence of P. aeruginosa/PCL triol, with close to 100% mass loss 




Figure 5.10. Mass loss plot of PCL (4% w/w EC, prepared in DCM), biodegraded by P. 
aeruginosa in 3 g/L PCL triol/BMM solution. 
Owing to PCL triol droplets that did not fully disperse/dissolve in BMM, this method can 
be slightly inconsistent in rate from flask to flask. However, the biodegradation rate for 
PCL coupons prepared with DCM and EC are more rapid than the rates observed under 
all other conditions and the replicates track reasonably well (R2=0.99) with each other to 
adequately distinguish different trends should they exist. Internal PCL references were 
paired with LO-MWCNT/PCL nanocomposites to account for any microbial consistency 
issues that might occur from culture to culture, and CNT/PCL nanocomposite 
biodegradability studies carried on with this approach as described in Chapter 6.  
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6.1. Introduction 
The effect of adding carbon nanotubes (CNTs) to polymers that would otherwise 
biodegrade is still unclear. In many cases, polymer additives have been shown to enhance 
biodegradation by generating reactive oxygen species (e.g. divalent transition metal salts 
of aliphatic acids and transition metal complexes such dithiocarbonates) and creating 
poor interfacial interactions (e.g. starch). In contrast, other additives have been shown to 
inhibit biodegradation by preventing oxidation of polymeric material (e.g. hindered 
phenols), reducing the biodegradable polymer surface area (e.g. clay), or having 
antimicrobial properties (e.g. TiO2).1-4 CNT additives are not expected to biodegrade 
readily in the presence of microorganisms, since they have only been shown to partially 
biodegrade under aggressive, abiotic conditions involving horseradish peroxidase and 
neutrophil myeloperoxidase enzymes.5-7 Currently, there is only one report on the 
biodegradation of CNTs by microorganisms which found that 2 to 6.8% of the CNT mass 
176 
 
was transformed to 14CO2 by a select few microorganisms within a mixed culture, 
presumably due to the defect sites on the CNT walls from oxidation as well as the 
presence of oxygen functional groups.8 Furthermore, CNTs at the surface of 
CNT/polymer nanocomposites (CNT/PNCs) have been shown to be cytotoxic to 
Pseudomonas aeruginosa (P. aeruginosa), Escherichia coli, and Bacillus subtilis within 
the range of CNT loadings typically used in commercial products (< 0.1 - 5% w/w) when 
direct contact occurs between the CNT and the microorganism.9-12 As described for 
specific cases in this chapter and the next two chapters, there are very few studies that 
have systematically assessed the effect of CNT additives on polymer biodegradability. 
Since CNTs are being increasingly incorporated into products, it is important to 
understand how CNT additives affect polymer biodegradation. This will help to assess 
the risk of CNT exposure and release, determine whether CNT incorporation will change 
the persistence of polymers in the environment, and thereby provide guidelines for 
selection of an appropriate CNT/PNC type in a particular application.  
Biofilm formation, or the attachment and proliferation of microbial communities 
on a material’s surface, is typically the prerequisite to biodegradation. Biofilms are over 
1000x more resistant to antimicrobial materials and antibiotics than planktonic cells and 
can thrive on a surface that provides an underlying carbon source such as a biodegradable 
polymer. In the case of a biodegradable polymer, we have previously compared biofilm 
development on poly-ɛ-caprolactone (PCL), with and without a CNT filler (Chapter 4).13 
On PCL, active biofilm growth was observed over time as shown using LIVE/DEAD 
staining and confocal imaging. However, for a 2% w/w slightly oxidized multi-wall (O-
MWCNT)/PCL nanocomposite, cell death occurred in the bottom layer of the biofilm as 
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the PCL matrix biodegraded to expose CNTs. Nonetheless, active biofilm formation 
continued above the dead layer of cells on the 2% w/w LO-MWCNT/PCL 
nanocomposite once dead cells had completely coated the sample surface. Since active 
biofilm formation occurs when microorganisms are “shielded” from the CNTs by a dead 
layer of cells, the ability of the active top layer of P. aeruginosa to biodegrade the 
underlying PCL matrix is still unknown. To answer these questions, the approach used in 
this study was to biodegrade CNT/PCL nanocomposites of varied CNT loadings to assess 
the transformation and persistence of these materials. More specifically, we investigated 
whether or not CNT/PNCs at high CNT loadings (> 2% w/w) would inhibit 
biodegradation of the bulk material, or if extracellular enzymes were able to break-down 
the polymer matrix despite the cytotoxic CNTs at the surface.  
PCL was chosen as the polymer matrix for this study since it is often used in 
products for chlorine, water, oil and solvent resistance; is easily processable with a low 
melting point and viscosity; is commonly blended with starch and cellulose to reduce 
cost; and has been used in garbage bags, incontinence products, and bandage holders.14 
Incorporation of CNTs into PCL has been also shown to improve its mechanical, 
electrical, and interfacial properties when blended with other polymers such as PLA.15-20 
PCL was also chosen for this study and the biofilm development study in Chapter 4 after 
the extensive method development outlined in the previous chapter. Preliminary results 
indicated that PCL is readily biodegradable by P. aeruginosa under aerobic conditions, 
having been shown to biodegrade on the time scale of weeks to months. Specifically, a 
single culture of P. aeruginosa primed with PCL triol, a small molecule version of PCL, 
was used to accelerate the overall biodegradation rate to an experimentally relevant time 
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scale (Chapter 5). A further advantage of using PCL in this biodegradation study was that 
biofilm development on its surface, with and without CNT additives, has already been 
analyzed in our previous work described in Chapter 4. Since the cytotoxic effect of 
CNT/PCL nanocomposite surfaces on P. aeruginosa is well studied, this information can 
provide a better understanding of the relationship between microbe-CNT/PNC 
interactions and biodegradation trends. In terms of the microorganism chosen, 
Pseudomonas species are commonly found in soils and are representative of many types 
of gram negative bacteria in the environment.21 Although mixed culture conditions are 
more relevant to the environment, the single culture used in this study allows for better 
control of the culture conditions and can provide more mechanistic insight. For this 
reason, single culture (e.g. Alcaligenes faecalis, Paecilomyces lilacinus, 
Acinetobactercalcoaceticus var. lwojji, and an isolated, unidentified strain from industrial 
composting) and selective enzyme degradation studies have previously been run for PCL 
and PCL blended with other polymers.22-24  
A few studies have also looked at controlled biodegradation of PCL with CNTs 
acting as a filler or as a polymer graft.25, 26 In the first study involving CNTs, PCL was 
fully biodegraded in the presence of Pseudomonas lipase, an isolated enzyme, when 
grafted onto the oxygen functional groups of multi-wall CNTs (MWCNTs).25 In the other 
relevant CNT study, Pseudomonas lipase biodegradation of pure PCL and functionalized 
MWCNT/PCL nanocomposites at a low MWCNT loading indicated that functionalized 
MWCNTs reduced the rate of biodegradation. The authors hypothesized that degraded 
material and enzymes were potentially trapped by the CNTs. Although biofouling was 
not as large of a factor in this enzymatic study as it would be in the presence of a single 
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culture of microorganisms, the researchers had more control in terms of determining 
surface erosion mechanisms, consistent mass loss trends, and surface morphology 
changes when using a single enzyme versus a single culture.26 To our knowledge, there 
has been no systematic investigation of CNT/PNC biodegradation as a function of CNT 
type and loading in the presence of selective enzymes or under single culture conditions.  
In the present study, both pristine MWCNTs and LO-MWCNTs (4.1% surface at. 
oxygen) were prepared in PCL using a solution blending method at varied CNT loadings 
(0 – 10% w/w) and exposed to Pseudomonas aeruginosa for week-long studies. The 
effect of CNT oxidation on polymer biodegradation was also determined since both 
oxidized and pristine MWCNTs have been found to be cytotoxic when at the surface of 
CNT/PNCs.9, 11 Moreover, CNTs may also become oxidized during processing or as a 
result of environmental transformations before or after they are incorporated into 
polymers.27, 28 MWCNTs were chosen since they are most commonly used in commercial 
products due to their low cost and ease of handling relative to SWCNTs.29-31  
CNT/PCL biodegradation was assessed bi-weekly using mass loss and compared 
to the degradation rates of PCL references (0% w/w CNTs) under identical conditions. 
This type of measurement is consistent with several international standards and many 
other mass loss studies under aerobic conditions.32-35 Specifically, PCL biodegradation in 
blends, with different fillers, and a range of different microorganisms has been assessed 
using mass loss.22, 23, 32, 36-38 CNT release as a result of biodegradation is also underway 
using single-particle inductively coupled mass spectrometry (sp-ICP-MS) with the 
residual metal catalyst (Co or Mo) from CNT synthesis used as a proxy for CNT 
concentration.39  CNT/PCL nanocomposites were characterized with differential scanning 
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calorimetry (DSC) for degree of crystallinity since crystallinity can have an effect on 
biodegradation rates.40 CNT/PCL nanocomposites were also characterized with scanning 
electron microscopy before biodegradation for surface morphology and CNT content. 
SEM characterization after biodegradation will be performed at the last time point of the 
experiments outlined. 
6.2. Experimental 
6.2.1. Nanocomposite Preparation 
MWCNTs were oxidized “in-house” using Nanocyl MWCNTs (Nanocyl 
NC7000, outer diameter 9.5 nm, 1.5 µm length, 90% purity) and a total oxygen content 
of 4.1% was obtained (LO-MWCNTs), which was measured using X-ray photoelectron 
spectroscopy (XPS). Pristine MWCNTs were obtained from NanoLab Inc. (PD15L520, 
Batch 2013-08-20, outer diameter 15 ± 5 nm, 5-20 µm length, > 95% purity) and 
Southwest Nanotechnologies Inc. (7773840 Aldrich, outer diameter 10 ± 1 nm, 3-6 µm 
length, ≥ 98% carbon basis). All MWCNTs used were of similar diameter and purity on a 
carbon basis. MWCNTs from NanoLab Inc. were used to compare mass loss of 
MWCNT/PCL nanocomposites to LO-MWCNT/PCL nanocomposites. MWCNTs from 
Southwest Nanotechnologies Inc. were used to assess CNT release since they contained 
trace cobalt and molybdenum catalysts from the chemical vapor deposition process used 
during CNT synthesis. The residual metal particles served as a proxy for MWCNTs, 
allowing for detection of released MWCNTs from biodegraded CNT/PCL 
nanocomposites.  
CNT/PCL nanocomposites were prepared by adding 16 mg of ethyl cellulose 
(EC) (48.0 - 49.5% (w/w) ethoxyl basis, Lot # BCBG4792V, Sigma-Aldrich) and a 
particular mass of CNTs to a 50 mL Erlenmeyer flask containing 40 mL of 
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dichloromethane (DCM, >99.8%, Sigma-Aldrich). The EC macromolecules were used 
for CNT stabilization in DCM. LO-MWCNTs and pristine MWCNTs in EC were 
sonicated in an ice water bath for 1 and 3 h, respectively; these conditions were found to 
optimize dispersion quality. For both LO-MWCNTs and pristine MWCNTs, 400 mg of 
poly-ɛ-caprolactone (PCL) was then added to each CNT suspension and sonicated for an 
additional 3 h. During all steps of sonication, the ice water bath was replenished every 1 h 
to minimize solvent volatilization and improve dispersion quality. A solvent resistant, 
disposable syringe was then used to distribute the PCL and CNT/PCL nanocomposite 
casting solution in 5 mL aliquots to aluminum dishes. Samples were covered overnight to 
allow for slow, consistent solvent evaporation. The next day, PCL and CNT/PCL 
nanocomposites, which are also called coupons, were soaked in a DI water bath since this 
was found to help separate the coupons from their aluminum dishes. PCL and CNT/PCL 
nanocomposites were then trimmed around their outer edges to a consistent shape and 
size. 
6.2.2. Scanning Electron Microscopy (SEM) 
SEM (JEOL 6700F, 10 keV, 7.0 nm working distance, LEI & SEI detectors) was 
used to qualitatively characterize the surface morphology and CNT dispersion quality at 
the surface of CNT/PCL nanocomposites. Prior to analysis, samples were first cut into 1 
cm2 pieces and sputter-coated with platinum to prevent polymer charging under the 
electron beam (Quorum Technologies Polaron SC7640 Auto/Manual High Resolution 
Sputter Coater, 12 mA/800V plasma current, and 5 min at 0.5 nm/min) SEM images of 
CNT/PCL nanocomposites with a low (0.5% w/w), mid-level (2% w/w) and high (5% 
w/w) CNT loading were imaged for the LO-MWCNT and MWCNT/PCL 
nanocomposites used in this study. 10% w/w LO-MWCNT/PCL nanocomposites and 5% 
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w/w MWCNT/PCL nanocomposites for CNT release studies were also imaged before 
biodegradation. SEM images of replicate areas for each CNT type and loading used are 
shown in Appendix 6. After later stages of biodegradation, SEM images of the CNT/PCL 
nanocomposites will also be taken. 
6.2.3. Differential Scanning Calorimetry (DSC)  
DSC measurements were taken for PCL and LO-MWCNT/PCL nanocomposites 
to measure their degree of crystallinity, a property that can affect biodegradation rates.40 
PCL and 0.1, 0.5, 1, and 2% w/w LO-MWCNT/PCL nanocomposites each were analyzed 
in duplicate. 1 and 5% w/w pristine MWCNT/PCL (NanoLab Inc. MWCNTs) 
nanocomposites will also be measured in duplicate for comparison. Since the melting 
point of PCL is 60 °C, a temperature range of room temperature (~25 °C) to 65 °C was 
selected. A heating rate of 5 °C/min and cooling rate of 1 °C/min were used with the 
temperature maintained at 65 °C for 2 min before cooling began. Analysis of the heating 
and cooling DSC curves was performed using TA Universal Analysis software 2000 (TA 
instruments, New Castle, Delaware). The enthalpy of fusion was calculated by integrating 
the endothermic peak (42 to 62 °C) with a linear background. The fraction of crystallinity 
(Xc) was then calculated by dividing the experimental enthalpy of fusion by the 
theoretical enthalpy of fusion (∆H0 = 139.3 J/g).41, 42 
6.2.4. PCL Triol Solution Preparation 
Solutions containing approximately 3 g/L PCL triol were prepared by adding 
three aliquots of 0.5 mL PCL triol (Sigma-Aldrich, Mn ~300, 1.07 g/mL density @ 25 °C, 
Lot #: MKBT5188V) into 450 mL Milli-Q water while stirring at 700 rpm. Solutions 
were prepared at a low volume (500 mL) in a 1 L Erlenmeyer flask with a foam stopper 
to improve solution aeration during microbial growth (Section 6.25). After addition of 
183 
 
PCL triol, the solution was stirred for an additional 5 min at 700 rpm followed by 2 min 
of sonication (Branson 1510 ultrasonic bath, 50W) to ensure an even dispersion of the 
PCL triol in water. Solutions were then sterilized using a 45 min liquid autoclave cycle.  
After cooling, 50 mL of salt stock (containing 7.18 mM K2HPO4, 2.79 mM KH2PO4, 
0.757 mM (NH4)2SO4, 0.0406 mM MgSO4*7H2O) was aseptically added to the PCL triol 
solution to optimize ionic strength and buffering capacity. The number of PCL triol 
solutions prepared depended on the number of PCL and CNT/PCL nanocomposite 
samples to be biodegraded: one 500 mL PCL triol solution was prepared for every four 
PCL and CNT/PCL sample flasks. PCL triol solutions were never prepared more than 2-3 
days in advance of inoculation for consistency in PCL triol dispersion quality. 
6.2.5. Inoculation & CNT/PCL Nanocomposite Biodegradation Setup 
0.5 mL of P. aeruginosa frozen stock was added to 75 mL LB broth and grown 
overnight to the stationary phase at 37˚C and 225 rpm. 1 mL of stationary phase P. 
aeruginosa was aseptically added to each 500 mL PCL triol solution to prime the 
microorganisms for PCL biodegradation by using PCL triol as the sole carbon source. 
The PCL triol/P. aeruginosa solutions were then shaken at 125 rpm, 28 °C for 
approximately 31 h, which corresponded to 8.0 ± 0.4 x 107 CFU/mL, measured from three 
separately grown PCL triol/P. aeruginosa solutions, each in duplicate. All PCL and 
CNT/PCL samples were sterilized with ethanol for > 1 min, washed with autoclaved 
Milli-Q water to remove ethanol, and aseptically placed into sterile sample flasks. At 31 
h, the P. aeruginosa/PCL triol solutions were distributed in 100 mL aliquots to each 
CNT/PCL sample flask. The CNT/PCL sample flasks each contained an internal PCL 
reference to track the extent of biodegradation in a given culture. Four replicates of each 
CNT loading used were run. A schematic of PCL triol preparation, inoculation, and 
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distribution to samples is shown in Appendix 6. Three unpaired PCL replicates were also 
run concurrently as an external reference for biodegradation time and to determine if 
biodegradation of the internal PCL references, paired with CNT/PCL nanocomposites, 
were affected by the presence of CNT/PCL nanocomposites. Abiotic controls were 
prepared by distributing 100 mL aliquots of sterile PCL triol solution to PCL and 
CNT/PCL sample flasks containing CNT/PCL nanocomposites of each CNT loading.  
6.2.6. Sampling 
PCL triol/P. aeruginosa solutions containing PCL and CNT/PCL nanocomposites 
were shaken at 125 rpm and 28 °C for 2 weeks prior to collection. These conditions were 
used since they were found to yield the most rapid rate of PCL biodegradation. PCL and 
CNT/PCL samples were collected on 9 cm high porosity filter paper (Fisher Scientific, 
Course, P8, Cat. #: 09-795C) by gently pouring the inoculum through the high porosity 
filter using a vacuum filtration system (Stericup and Steritop, Disposable Filtration 
System, Millipore Express Plus PES membrane, 0.22 µm). The 9 cm high porosity filter 
paper was replaced for each sample collected. Next, the coupons were removed from the 
high porosity filter paper and washed gently with autoclaved Milli-Q water. The PCL and 
CNT/PCL nanocomposites were then placed on top of a 7.5 cm filter paper within a Petri 
dish for drying in the desiccator; the filter paper was used to prevent CNT/PCL 
nanocomposites from sticking to the Petri dishes. Abiotic controls were separately 
removed from their flasks following the same procedure.  After the PCL and CNT/PCL 
nanocomposites had dried for 2 d, they were weighed and photographed. Then, they were 
sterilized with ethanol for > 1 min, washed with autoclaved Milli-Q water to remove 
ethanol, placed into sterile sample flasks, and submerged in 100 mL of freshly prepared 
PCL triol/P. aeruginosa solutions for another two weeks of biodegradation. PCL and 
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CNT/PCL samples were exposed to biodegradation conditions in two week increments 
until the internal PCL reference had been fully biodegraded (> 100% mass loss) and some 
of the CNT/PCL nanocomposites had either fully degraded or plateaued in mass loss for 
at least two time points. 
6.2.7. CNT Release Measurements  
CNT release was measured using MWCNT/PCL nanocomposites containing 
MWCNTs from Southwest Nanotechnologies Inc. This type of MWCNT contained 
residual Co and Mo (2% w/w metal content) which could be used to track the release of 
MWCNTs during biodegradation. Two sets of 0.1 and 5% w/w MWCNT/PCL 
nanocomposites were submerged in PCL triol/P. aeruginosa with internal PCL references 
and biodegraded for 4 weeks and 8 weeks, with four replicates of each CNT loading per 
time point. 10 mL of supplemental PCL triol was added once for the 4 week samples and 
twice for the 8 week samples to accelerate biodegradation. External PCL references were 
also used to assess the extent of biodegradation and served as a negative control for CNT 
release. After 4 and 8 weeks, PCL and CNT/PCL samples were removed from the flasks 
using sterile forceps and rinsed with 5 mL of autoclaved Milli-Q water into the inoculum. 
The inoculum was autoclaved, sonicated for 45 s, vortexed, and distributed in 10 mL 
aliquots to two polypropylene conical tubes, rinsed with 5 mL of sterile Milli-Q water, 
and sonicated in sodium deoxycholate (SDC, 2% w/w, Sigma-Aldrich, ≥97% by titration, 
D6750) for 5 min prior to sp-ICP-MS analysis. Samples were diluted as necessary prior 
to analysis.  
Co and Mo particles were measured with a Perkin Elmer NexION 300q with S10 
autosampler in single particle mode; data has yet to be collected. Cobalt/molybdenum 
concentrations were calculated from a calibration curve of cobalt/molybdenum particle 
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numbers as a function of MWCNT mass concentration prepared with controlled loadings 
of MWCNTs in the same media using 2% w/w SDC. 
6.3. Results and Discussion 
Prior to long term microbial exposure, both pristine MWCNT and LO-
MWCNT/PCL nanocomposites were characterized using SEM and DSC to assess the 
uniformity of the CNT distribution within the polymer matrix and determine the fraction 
of crystallinity as a function of CNT loading, respectively. Furthermore, CNT/PCL 
nanocomposites of varied CNT loading were compared visually to check for 
homogeneity in the CNT distribution. In Figure 6.1, the LO-MWCNT and MWCNT/PCL 
nanocomposites used in the biodegradation studies are shown. These CNT/PNCs are 
uniformly black and increase in darkness with CNT loading, with LO-MWCNTs showing 
slightly more uniformity than the MWCNTs in the PCL matrix. In both cases, however, 





Figure 6.1. a) LO-MWCNT and b) MWCNT/PCL nanocomposites as a function of CNT 
loading. 
SEM images in Figure 6.2 and 6.3 show the surface morphology and CNT content 
at the surface of LO-MWCNT/PCL and MWCNT/PCL nanocomposites, respectively. For 
both types of CNT/PCL nanocomposites, the majority of CNTs are initially below the PCL 
nanocomposite surface, even at a relatively high CNT loading of 5% w/w. However, the 
distribution of the few CNTs that are present at the surface as well as the CNTs that are 
apparent in some areas just below the nanocomposite surface appear to be fairly 
homogeneous. Replicate SEM figures for each CNT loading shown can be found in 
Appendix 6.  
a) 
b) 
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Figure 6.2. SEM images of a) PCL, b) 0.5% w/w, c) 2% w/w, and d) 5% w/w LO-
MWCNT/PCL nanocomposites (all 4% w/w EC) before biodegradation. 
 
Figure 6.3. SEM images of a) 0.5% w/w, b) 2% w/w, and c) 5% w/w MWCNT/PCL 
nanocomposites (all 4% w/w EC) before biodegradation. 
CNT/PCL nanocomposites were also characterized with DSC to measure the 
fraction crystallinity (Xc) as a function of CNT loading. This measurement was made 
since the biodegradability of a polymer generally decreases with increasing crystallinity. 
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In crystalline regions of a polymer, polymer chains stack together in the most tightly 
packed and thermodynamically stable conformation, which makes enzymatic degradation 
of these polymer chains less energetically favorable than those in amorphous regions.40 In 
many cases, fillers have been shown to effect the crystallinity of a polymer, however, this 
has not been the case with CNTs from 1-13% w/w loading.43 Nevertheless, to ensure that 
crystallinity did not change for the CNTs used in this study, DSC measurements of PCL 
were compared to those of LO-MWCNT/PCL nanocomposites at low (0.1 and 0.5% 
w/w), middle (1% w/w), and high (2% w/w) CNT loadings. As shown in Table 1, the 
fraction of crystallinity did not vary by more than 5% between all of the CNT/PCL 
nanocomposites. Since the polymer crystallinity did not vary with increasing mass 
concentrations of CNT filler, the effect of crystallinity on CNT/PCL nanocomposite 
biodegradability can be considered minimal. It is also important to note that all CNT/PCL 
nanocomposites, including pure PCL, contained the same mass concentration of EC 
surfactant, which enabled dispersion of the CNTs in the casting solution. As shown in 
Chapter 5, EC can lower the polymer crystallinity but is also not biodegradable on a 
timescale similar to PCL. Thus, a consistent concentration of EC (4% w/w) in all PCL 
and CNT/PCL nanocomposites was used to hold this variable constant.  
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Table 6.1. The fraction of crystallinity (XC) of PCL and LO-MWCNT/PCL 
nanocomposites as a function of CNT loading. XC was calculated from the heat of fusion 
measured using DSC. 
  XC   Std. Dev.  
Sample (%) (%) 
PCL 57.0 0.5 
0.1% w/w 54.3 0.3 
0.5% w/w 56.7 3.9 
1% w/w 59.4 3.1 
2% w/w 54.0 1.3 
As described above, PCL and CNT/PCL nanocomposites were biodegraded under 
accelerated conditions to collect results on an experimentally relevant time scale. The 
acceleration of biodegradation was achieved by growing P. aeruginosa in a solution 
containing PCL triol, a small molecule version of the polymer. PCL triol was used to 
prime the microorganisms to produce enzymes capable of PCL biodegradation. In all 
experiments, the CNT/PCL nanocomposites were exposed to P. aeruginosa for two 
weeks, removed, dried, weighed, sterilized, and then exposed to a fresh culture of P. 
aeruginosa grown in PCL triol for another two weeks.  
The rate of PCL biodegradation in the absence of a CNT filler was first assessed 
in the presence of P. aeruginosa using mass loss. With the sampling method used, 100% 
mass loss of the PCL samples took approximately 20 weeks to achieve. Although 
complete biodegradation, which is defined as the conversion of > 60% polymer to CO2 
and H2O, was not measured, the extent of biodegradation was significant in that a 
macroscopic sample was converted to a point where there was no visibly remaining 
material to collect.34, 35 Therefore, the level of PCL biodegradation reached using the 
mass loss method was useful to assess the effect of CNT loading on the polymer 
biodegradation process. Mass loss was not observed for PCL under abiotic conditions in 
which PCL was exposed to the same media and sampling conditions over the same 
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course of time. In fact, the mass variably increased for abiotic controls due to PCL triol 
coating their surfaces. Overall, the loss of PCL material in Figure 6.4 can be reasonably 
attributed to biodegradation by P. aeruginosa. 
 
Figure 6.4. Mass loss plot of PCL (4% w/w EC) biodegraded by P. aeruginosa in 3 mg/L 
PCL triol/BMM solution. 
For CNT/PCL nanocomposite biodegradation, each CNT/PCL nanocomposite 
was paired with a PCL sample in the same flask to serve as an internal reference. This 
approach was taken in case there was variation in the biodegradation rate from flask to 
flask as a result of an inconsistent distribution of PCL triol droplets that did not fully 
dissolve in the inoculum. This, however, was not the case as the initial microbial 
population was found to be highly consistent between replicate cultures grown in PCL triol 
solutions for 31 h (8.0 ± 0.4 x 107 CFU/mL, average of triplicates). Figure 6.5 shows mass 
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loss plots of PCL and LO-MWCNT/PCL nanocomposites containing 1 – 10% w/w LO-
MWNCTs relative to an external PCL reference. Mass loss plots of 0.1 and 0.5% w/w are 
also shown in Appendix 6 relative to the same external PCL reference. 
 
Figure 6.5. Mass loss of LO-MWCNT/PCL nanocomposites relative to mass loss of an 
external PCL reference as a result of P. aeruginosa biodegradation in 3 g/L PCL 
triol/BMM solution. The R2 for each CNT loading is an average of fits (one fit shown) 
for at least three replicates (see Appendix 6). 
Figure 6.5 shows that P. aeruginosa was able to degrade LO-MWCNT/PCL 
nanocomposites at all CNT loadings used. However, the rate of polymer degradation for 
LO-MWCNT/PCL nanocomposites was much lower than that of PCL, even with a small 
mass fractions of CNTs (0.1-1% w/w). A comparison of each CNT loading in Figure 6.5 
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indicates that biodegradation of the PCL matrix decreased with increasing CNT loading. 
For 0.1, 0.5, and 1% w/w LO-MWNCT/PCL nanocomposites, mass loss is rapidly 
approaching full biodegradation while 2, 5, and 10% w/w have only lost approximately 
50, 38, and 26% of their mass after 26 weeks, respectively. This indicates that LO-
MWCNTs could fully degrade and potentially release CNTs at lower CNT loadings (0.1-
1% w/w) while LO-MWCNT/PCL nanocomposites of higher CNT loadings are more 
persistent, and will take much longer to reach the same level of biodegradation. In order 
to assess the difference in mass loss rates, PCL and CNT/PCL nanocomposites were fit to 
an exponential rise function (Figure 6.5). 
𝒚𝒚 = 𝒂𝒂 ∗ (𝟏𝟏 − 𝒆𝒆−𝒌𝒌𝒌𝒌)  (Equation 1) 
where (y) is the % mass loss, (a) is the maximum rise of 100% biodegradation, (k) is the 
first order rate constant, and (x) is the time in weeks. On average, the R2 of the fits was 
greater than 0.84, allowing for a relative rate constant to be extracted from the data. In all 
cases, the function was assumed to reach 100% mass loss, the best case scenario for the 
CNT/PCL nanocomposites of high CNT loading. Thus, the rate constants might be 
slightly overestimated with the higher CNT loadings if they don’t reach 100% mass loss 
at longer time points. A plot of the rate constants for the external PCL reference and LO-








Figure 6.6. The effect of CNT loading on the rate of LO-MWCNT/PCL nanocomposite 
mass loss during P. aeruginosa biodegradation. Rate constants were extracted from 
exponential rise fits of the CNT/PCL nanocomposite mass loss profiles.  
Similar to the mass loss trends observed in Figure 6.5, the rate constants decreased from 
0.0480 to 0.0136 for CNT loadings ranging between 0.5 to 10% w/w (Figure 6.6). In 
contrast, the external PCL reference had a rate constant 3-3.5x times larger than that of 
any LO-MWCNT/PCL nanocomposite. This indicates that LO-MWCNTs, even at the 
lowest CNT loading of 0.1% w/w, retard biodegradation of PCL. The rate constant of 
0.1% w/w LO-MWCNT/PCL appeared to be an outlier, since the rate fell below that of 
0.5 and 1% w/w, but the consistency within the replicates and similar results in 
preliminary studies indicate that 0.1% w/w might have some unique properties that affect 
biodegradation such as a better CNT dispersion state than the other CNT loadings since it 
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has the smallest mass fraction of CNTs. Rate constants for each CNT loading and 
replicates are shown in Appendix 6.  
  
Figure 6.7. LO-MWCNT/PCL nanocomposites and their paired, internal PCL reference 
before and after 26 weeks of P. aeruginosa biodegradation. 
Figure 6.7 shows the internal PCL and LO-MWCNT/PCL nanocomposite pairs 
before and after 26 weeks of biodegradation. For the LO-MWCNT/PCL nanocomposites, 
the presence of CNTs maintained the nanocomposite structure above a CNT threshold of 
2% w/w after ~50% mass loss and mechanical agitation (125 rpm shaking). In contrast, 
1% w/w shows a deteriorating structure after 75% mass loss and the same level of 
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mechanical agitation. Structural deterioration was also observed for the other CNT 
loadings below 1% w/w (Appendix 6). Although more time points are needed to confirm 
that the shapes of LO-MWCNT/PCL nanocomposites with high CNT loadings remain 
intact after biodegradation, LO-MWCNTs of higher CNT loading are clearly maintaining 
their shape while LO-MWCNT/PCL nanocomposites are losing their shape at 26 weeks. 
Another observation from the pictures in Figure 6.7 is that the internal PCL references 
lost more mass when paired to CNT/PCL nanocomposites with lower CNT loadings. 
Mass loss plots of internal PCL references paired with CNT/PCL nanocomposites of 
increasing CNT loading are shown in Figure 6.8. Inhibition of PCL mass loss became 
more apparent with CNT/PCL nanocomposites of increasing CNT loading with 95% 
mass loss for 1% w/w versus 65% mass loss for 10% w/w after 26 weeks of 
biodegradation. These mass loss profiles were fit to the same exponential rise function 
used in Figure 6.5 to extract rate constants. The rate constants for internal PCL references 
paired to each CNT loading used are plotted in Figure 6.9. Further rate constant 
information can be found in Appendix 6. Interestingly, the rate constants for the internal 
PCL reference (Figure 6.9) mass loss tracked well with the rate constants for the 
CNT/PCL nanocomposites they were paired with (Figure 6.6). However, the internal 
PCL references were always more degraded than the CNT/PCL nanocomposites they 
were paired with. The internal PCL references paired with CNT/PCL nanocomposites of 
higher CNT loadings (> 2% w/w) potentially had lower rate constants due to the limited 
ability of microbes to degrade the CNT/PCL nanocomposite and as a result, divide and 
proliferate to increase the microbial population available to degrade the internal PCL 
reference. This possibility will be further investigated by measuring the CFU in each 
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culture at the end of a time point to see if the microbial population within flasks 
containing CNT/PCL nanocomposites of low CNT loading have a relatively higher 
microbial population than those containing a high CNT loading. 
 
Figure 6.8. Mass loss of internal PCL references paired to LO-MWCNT/PCL 
nanocomposites as a result of P. aeruginosa biodegradation in 3 g/L PCL triol/BMM 
solution. The R2 for each CNT loading is an average of fits (one fit shown) for at least 
three internal PCL replicates (see Appendix 6). 
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Figure 6.9. The effect of CNT loading on the rate of internal PCL reference (paired with 
LO-MWCNT/PCL nanocomposites) mass loss during P. aeruginosa biodegradation. Rate 
constants were extracted from exponential rise fits of the PCL mass loss profiles. 
In Figure 6.10, pristine MWCNT/PCL nanocomposites from 0.1 – 5% w/w 
MWCNTs were also degraded under the same conditions as LO-MWCNT/PCL 
nanocomposites. Similar mass loss trends were observed: the rate of mass loss decreased 
with increasing MWCNT loading and 2 and 5% w/w degraded at a slower rate than 0.1 
and 1% w/w MWCNT/PCL nanocomposites. A mass loss plot of 0.5% w/w 
MWCNT/PCL nanocomposites is shown in Appendix 6. A plot of the rate constants for 
MWCNT/PCL nanocomposite biodegradation is shown in Figure 6.11 and the rate 
constants of replicates are shown in Appendix 6. The R2 values of the fits for 
MWCNT/PCL nanocomposites (R2 > 0.77) were generally lower than for the LO-
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MWCNT/PCL nanocomposite fits (R2 > 0.84), but this is most likely a result of the lesser 
number of time points for the MWCNTs (18 weeks). Further data collection will most 
likely improve the accuracy of these fits. 
 
Figure 6.10. Mass loss of MWCNT/PCL nanocomposites relative to mass loss of an 
external PCL reference as a result of P. aeruginosa biodegradation in 3 g/L PCL 
triol/BMM solution. The R2 for each CNT loading is an average of fits (one fit shown) 
for at least three replicates (see Appendix 6). 
For MWCNT/PCL nanocomposites, 0.1% w/w MWNCT/PCL nanocomposites degraded 
rapidly while 0.5% w/w MWCNT/PCL nanocomposites degraded more slowly, the 
opposite to which was observed for LO-MWCNT/PCL nanocomposites. This can 
potentially be the result of the lower dispersion quality of the pristine MWCNTs relative 







































rather than 0.1% w/w. Another possibility is that the 0.5% w/w MWCNT/PCL 
nanocomposite had a slightly enhanced CNT surface concentration than the other 
loadings which could have delayed biodegradation due to the cytotoxicity of CNTs at the 
PNC surface (Figure 6.3).9, 44 This very specific low CNT loading effect that generates 
enhanced inhibition relative to other low CNT loadings should be explored further for 
other CNT types to see if it is a generalizable occurrence. For the rest of the CNT 
loadings studied, the rate constants decreased with CNT loading and were fairly similar 
for both MWCNTs and LO-MWCNTs, indicating that the presence of ~4% oxygen on 
the LO-MWCNTs, the difference in lengths (5-20 µm vs. 1.5 µm for MWCNT and LO-
MWCNTs, respectively), as well as slight differences in CNT structure (purity and 




Figure 6.11. The effect of CNT loading on the rate of MWCNT/PCL nanocomposite 
mass loss during P. aeruginosa biodegradation. Rate constants were extracted from 
exponential rise fits of the CNT/PCL nanocomposite mass loss profiles. 
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Figure 6.12. MWCNT/PCL nanocomposites and their paired, internal PCL reference 
before and after 26 weeks of P. aeruginosa biodegradation. 
Figure 6.12 shows the paired internal PCL references and MWCNT/PCL nanocomposites 
at each CNT loading before and after biodegradation. Similar to the LO-MWCNT/PCL 
nanocomposites, the CNT/PCL nanocomposites of lower CNT loading have lost some of 
their shape and structure while the CNT/PCL nanocomposites of higher CNT loading did 
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not change form. The visual changes are a lot more subtle for the MWCNT/PCL 
nanocomposites since they have not yet degraded as long as the LO-MWCNT/PCL 
nanocomposites. For the paired internal PCL references, the effect of the paired 
MWCNT/PCL nanocomposite on the mass loss of the internal PCL reference is not as 
apparent visually or from the rate constants (Figure 6.13 and 6.14). This could be due to a 
greater spread in the data as a result of the poorer MWCNT dispersion quality relative to 
LO-MWCNTs or it could be due to a lack of time points. Further investigation as to 
whether MWCNT/PCL nanocomposites affect the rate of mass loss for internal PCL 
references is underway. 
 
Figure 6.13. Mass loss of internal PCL references paired to MWCNT/PCL 
nanocomposites as a result of P. aeruginosa biodegradation in 3 g/L PCL triol/BMM 
solution. The R2 for each CNT loading is an average of fits (one fit shown) for at least 
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Figure 6.14. The effect of CNT loading on the rate of internal PCL reference (paired 
with MWCNT/PCL nanocomposites) mass loss during P. aeruginosa biodegradation. 
Rate constants were extracted from exponential rise fits of the PCL mass loss profiles. 
Overall, PCL biodegraded more rapidly than all CNT/PCL nanocomposites of 
varied CNT loading. The rate of CNT/PCL nanocomposite biodegradation generally 
decreased as a function of CNT loading. As described in Chapter 4, this could be a result 
of the cytotoxicity of CNTs as they accumulate at the CNT/PCL nanocomposite surface 
during biodegradation. Although a viable biofilm can form on top of a dead layer of cells, 
material below the dead layer appears to take a much longer time to degrade. However, 
the results indicate that the PCL matrix can still be degraded eventually when it contains 
a high CNT loading but requires a much longer amount of time and potentially a greater 
amount of energy to fully degrade. CNTs might also block enzymatic access to the PCL 
MWCNT Loading (% w/w)





















carbon source upon CNT accumulation at the CNT/PCL nanocomposite surface, leading 
to lower biodegradation rate constants. In general, CNT accumulation can lead to 
cytotoxicity and potentially blocked access to the PCL substrate by enzymes, decreasing 
the biodegradability of PCL as a function of CNT filler loading. 
The effect of CNT loading on polymer biodegradability was found to be similar 
for two types of CNTs, one pristine and one slightly oxidized from different 
manufacturers. The results indicate that the biodegradation trends observed for CNT/PCL 
nanocomposites are fairly generalizable to CNT types that have similar purities and 
diameters. Although MWCNTs had longer lengths than LO-MWCNTs (5-20 µm vs. 1.5 
µm) CNTs of much longer lengths (50 µm- mm scale) should also be embedded in PCL 
and investigated for biodegradability. Biodegradation of PCL composites containing 
carbon fibers with similar aspect ratios, carbon black as a filler control, and graphene 
oxide as a cytotoxicity control (without a high aspect ratio) should also be investigated to 
determine whether the inhibition effects on biodegradation are more impacted by CNT 
cytotoxicity or the aspect ratio of the CNTs.   
Since products generally use CNT loadings within the range of 0.1 - 5% w/w, 
products made with greater than 2% w/w will be more persistent than those at lower CNT 
loadings when disposed of in the environment. This indicates that lower CNT loadings 
may pose more of an environmental risk since they have the most potential to fully 
degrade and release CNTs based on the deteriorated shape and structure of CNT/PCL 
nanocomposites containing CNT loadings below 1% w/w. However, CNT/PCL 
nanocomposites with the highest CNT loading (10% w/w) still degraded to >25% mass 
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loss (with minimal visual signs of initial release) and could potentially release just as 
many CNTs as a lower CNT loading after a longer period of time. 
In order to analyze the effect of CNT release from MWCNT/PCL 
nanocomposites, low (0.1% w/w) and high MWCNT (5% w/w) loadings were separately 
prepared in PCL using a similar type of MWCNT that contains residual cobalt and 
molybdenum catalyst. These types of MWCNTs were utilized since their presence in 
solution following a biodegradation experiment could be ascertained by measuring the 
residual metal catalyst as a proxy for CNTs using sp-ICP-MS. Biodegradation of these 
MWCNT/PCL nanocomposites in PCL triol/P. aeruginosa solutions is ongoing and will 
determine whether CNT release occurs initially and/or partway through the 
biodegradation process. For all other CNT/PCL nanocomposites used in this study, 
longer mass loss time points will also determine whether CNTs release for low and high 
CNT-loaded PCL nanocomposites depending on whether CNT/PCL nanocomposites 
retain their shape as a CNT mat or release into the solution. Further investigation of 
CNT/PNCs under more environmentally relevant mixed culture conditions will be 
described in the next chapter.  
6.4. Appendix 6 Summary 
A schematic of the PCL triol preparation, inoculation, and growth procedure 
(Scheme A6.1); replicate SEM images of the surfaces of PCL and CNT/PCL 
nanocomposites (Figures A6.1-A6.9); mass loss plots (Figure A6.10) and pictures (Figure 
A6.11) of 0.1 and 0.5% w/w LO-MWCNT/PCL nanocomposites; a table of rate constants 
for replicate internal PCL references paired to LO-MWCNT/PCL nanocomposites (Table 
A6.1) and MWCNT/PCL nanocomposites (Table A6.3); a table of rate constants for 
replicate LO-MWCNT/PCL nanocomposites (Table A6.2) and MWCNT/PCL 
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Chapter 7. Mixed Culture Biodegradation of Carbon Nanotube/Polymer 
Nanocomposites 
 
7.1. Mixed Cultures 
In the environment, most microorganisms live in dynamic consortia with a variety 
of other species, rather than existing as monocultures.1 Microbial community members 
possess unique and often complementary phenotypes, which facilitate survival and 
adaptation of the entire community to a wide variety of environmental conditions.2 These 
communities possess dynamic populations of bacteria, whose total number and relative 
abundances vary depending on environmental pressure.3  The movement and 
transformation of chemical substances throughout the environment is often mediated by 
microorganisms through cascading metabolic interactions; external chemicals become 
substrates for microbial growth, subsequent metabolites are cycled between different 
organisms, and unutilized chemicals accumulate as waste products.2, 4 
In terms of biodegradation, microbial metabolism can be broadly classified based 
on the terminal electron acceptor used for growth.2, 5 Aerobic organisms utilize oxygen as 
an electron acceptor, and are typically characterized by rapid growth rates due to high 
energetic reduction potentials.2  Anaerobic microbes can use less energetically favorable 
electron accepters such as nitrate, sulfate, and even organic substrates in place of 
oxygen.5 Anaerobic microorganisms are typically found in locations with depleted 
oxygen, such as subsurface sediments, deep waters, digested sludge in wastewater 
treatment plants, and soils.5, 6 Anaerobic biodegradation processes are described in more 
detail in Chapter 8. In mixed cultures, microbial diversity is usually high enough to 
utilize a variety of electron acceptors, with preferential utilization of the most 
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energetically favorable available acceptors (oxygen) before the least favorable acceptors 
(organic substrates).2 Overall, the electron acceptor in biodegradation processes is 
involved in driving the metabolic machinery that allows the cell to survive and divide.5, 6  
The carbon necessary for microorganism growth is obtained from degrading 
organic molecules (heterotrophy) or fixing inorganic carbon (autotrophy).5 For most 
heterotrophic organisms (organotrophs), this organic carbon source also serves as the 
electron donor providing the energy to drive cell metabolism – other specialized 
organisms utilize light (photoheterotrophy) and inorganic chemicals (chemoheterotrophs) 
to produce electrons.2, 5 Some organic substrates are less energetically favorable to 
degrade than others, requiring a larger activation energy for bond-breaking due to the 
type of reaction or steric hindrance limiting access to the substrate by enzymes. Many 
organic polymers can be used as the carbon source for cell growth; however they can 
vary in terms of the ease with which they are reduced to smaller components and 
metabolized by cells.7 In mixed cultures, microorganisms are able to degrade a wide 
variety of substrates through adaptation and enrichment of certain microbial species that 
can metabolize the substrate involved.8 These robust conditions are ideal for rapidly 
biodegrading a variety of polymer matrices and are more accurately representative of the 
diverse population of microorganisms a polymer will encounter when it is disposed of in 
locales such as landfills, surface waters, soils, sediments, and wastewater treatment 
plants.9-13  
Similar to polymer waste, carbon nanotube/polymer nanocomposites 
(CNT/PNCs), or polymers containing a CNT filler for structural and functional property 
enhancement, are expected to end up in the same environmental matrices following 
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consumer use. Since CNTs are known to persist in the environment and their ecotoxicity 
is of concern, the benefits of using a CNT additive during consumer use may therefore be 
compromised by the ultimate fate of the CNT/PNC when it biodegrades in landfills, 
surface waters, and/or wastewater treatment plants.14-18  Previously, we have investigated 
biodegradation of CNT/PNCs under model conditions using a single culture (Chapter 6). 
In this study, CNT/PNCs were exposed to mixed cultures for greater environmental 
relevance.  
In contrast to single cultures, mixed cultures tend to be more robust and able to 
acclimate to environmental contaminants, even those that are toxic.6, 19, 20 This is why 
microorganisms, oftentimes enriched to degrade a substrate, are used in tandem with 
other microorganisms to bioremediate chemical spill sites.21 Sediment from contaminated 
field sites and wastewater from treatment plants are two commonly used mixed culture 
sources for bioremediation due to the microbes’ prolonged exposure and acclimation to a 
diverse number of contaminants, oftentimes at a high concentration.22-24 These mixed 
communities have a high diversity of species and metabolic pathways, which are ideal for 
assaying the biodegradability of various compounds purposes.25-27 Although robust, 
mixed cultures are more complex and challenging to control and characterize in 
laboratory experiments than single cultures, especially from culture to culture mainly due 
to varying dilution in the wastewater stream.28 
Since mixed cultures can acclimate to some toxic substances, the biodegradability 
of polymers containing CNTs might differ under single and mixed culture conditions. 
Under single culture conditions, CNTs were shown to have antimicrobial properties when 
accumulated at the surface of CNT/poly-ɛ-caprolactone (PCL) nanocomposites and 
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slower biodegradation rates as a function of CNT mass loading in Pseudomonas 
aeruginosa (P. aeruginosa) cultures.18, 29 Furthermore, CNT/PCL nanocomposites 
containing a CNT mass loading greater than 2% w/w were fairly persistent under 
conditions that could fully degrade PCL, with approximately 50% of the polymer matrix 
remaining after 26 weeks of P. aeruginosa exposure (Chapter 6). In this study, the 
biodegradation rate and persistence of CNT/PNCs was investigated in mixed culture and 
compared to single culture conditions. Primary effluent, or wastewater that has 
undergone physical screening and sedimentation, from the Back River Wastewater 
Treatment Plant (Baltimore, MD) was used as the inoculum since it contains a broad 
range of microorganisms acclimated to a variety of compounds in the domestic waste 
stream.9-12  It was also chosen since a fraction of CNT/PNCs will end up in Wastewater 
Treatment plants (WWTP) from sewer and rainwater collection systems and from 
consumer product disposal down drains.30 In order to examine the effect of CNTs on the 
biodegradation process, we conducted mass loss measurements of CNT/PNCs. Mass loss 
is one of several quantitative methods, such as CO2 detection and oxygen consumption, 
typically used to assess aerobic biodegradation of pure polymers.13, 31-36 The decision to 
use mass loss was also motivated by its ease of use for a large set of samples and 
previous use of a similar approach by other researchers for in situ biodegradability tests 
of plastic materials under aerobic composting environments (ASTM D 6003-96).37, 38 
For comparison, the same solution blended multi-wall CNT (MWCNT)/PCL 
nanocomposites used under single culture (Pseudomonas aeruginosa) conditions 
(Chapter 6) were exposed to mixed cultures in this study. PCL and MWCNTs were also 
chosen since 1) they could be blended to produce CNT/PNCs with homogenously 
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dispersed MWCNTs, 2) MWCNTs are most common in products, and 3) PCL is 
biodegradable on an experimentally relevant time scale.15, 39-44 MWCNT/PCL 
nanocomposites prepared using melt-mixing, a more industrially relevant production 
method than solution blending, were also exposed to aerobic mixed cultures for mass loss 
studies.45 The purpose of using melt-mixed MWCNT/PCL nanocomposites in addition to 
solution blended MWCNT/PCL nanocomposites was multi-faceted: 1) to biodegrade 
MWCNT/PCL nanocomposites that did not contain any surfactants such as ethyl 
cellulose (EC), which is required for CNT dispersion in solution blending techniques and 
2) to biodegrade thicker MWCNT/PCL nanocomposites to determine if similar 
biodegradation trends were observed when more PCL was present in the bulk of the 
CNT/PCL nanocomposite.  
7.2. Experimental 
7.2.1. Solution Blended MWCNT/PCL Nanocomposites 
PCL (4% w/w EC) and pristine MWCNT/PCL nanocomposites (4% w/w EC) 
containing MWCNT (NanoLab Inc.) loadings of 0.1, 0.5, 1, 2, and 5% w/w were 
prepared using the same solution blending methods described in Chapter 6.  
7.2.2. Melt-Mixed MWCNT/PCL Nanocomposites  
PCL and pristine MWCNT/PCL nanocomposites containing MWCNT (NanoLab 
Inc.) loadings of 0.1, 0.5, and 2% w/w were prepared using melt-mixing/extrusion as 
described in Chapter 2. 1 mm thick sheets were cut into 25 mm circles (also called 
coupons) for biodegradation experiments. 
7.2.3. MWCNT/PCL Nanocomposite Characterization 
Solution blended and melt-mixed MWCNT/PCL nanocomposites were 
characterized using scanning electron microscopy (SEM) and differential scanning 
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calorimetry (DSC) for surface morphology and fraction of crystallinity, respectively, as 
described in Chapter 6. Specifically, melt mixed, 2% w/w MWCNT/PCL 
nanocomposites before and after 15 min of acetone soaking as well as melt-mixed PCL 
were imaged with SEM in this chapter. Furthermore, 2% w/w MWCNT/PCL 
nanocomposites before and after 56 days of continuous primary effluent biodegradation 
were imaged with SEM in this chapter. Lastly, DSC analysis of melt-mixed 
MWCNT/PCL nanocomposites was performed to assess the fraction of crystallinity as a 
function of MWCNT loading in all melt-mixed MWCNT/PCL nanocomposites. DSC 
procedures are described in Chapters 5 and 6. 
7.2.4. Mixed Culture Inoculum 
 Primary effluent, or wastewater that had been screened and gone through one 
stage of settling to remove solids and skimming to remove oil and grease, was the mixed 
culture inoculum used in this study. Primary effluent was collected from the Back River 
WWTP in Baltimore, MD and was used within the same day to setup biodegradation 
studies. If the primary effluent was stored prior to use later in the day, it was kept in the 4 
°C refrigerator.  
7.2.5. Aerobic Biodegradation of Solution Blended MWCNT/PCL Nanocomposites 
Individual MWCNT/PCL nanocomposites with CNT loadings of 0, 0.5, 1, 2, 5, 
and 10 % (w/w) were placed into 125 mL flasks. 100 mL of BMM, containing 0.200 g/L 
sodium acetate trihydrate (ReagentPlus®, ≥99.0%, Sigma-Aldrich) (low C BMM) and 
10% v/v primary effluent (described in Chapter 5 and 6) was then partitioned into each 
flask and incubated at 28 °C under static conditions. For microbial population 
consistency, PCL and MWCNT/PCL nanocomposites in primary effluent were run in 
sacrifice mode, meaning that all sample sets (seven total) were inoculated at the same 
216 
 
time with one batch of primary effluent and each set was removed at a different time 
point.46, 47 A full set of PCL and MWCNT/PCL nanocomposites (0 – 5% w/w) was 
removed at each sampling time point, with a total of 7 sampling time points ranging from 
1 to 55 days. Sacrifice mode was used to 1) minimize changes in the initial inoculum 
obtained from the WWTP and 2) capture shorter time points more efficiently since 
preliminary results indicated that mixed culture biodegradation of PCL was much more 
rapid than single culture biodegradation, which is outlined in Chapter 6. Additionally, for 
every CNT loading used, triplicate samples were setup for each sampling time point. An 
abiotic control was setup for PCL and MWCNT/PCL nanocomposites of each loading 
used. Abiotic controls were sterilized with 70% ethanol for 5 min, placed into 125 mL 
flasks containing 100 mL sterile BMM, and incubated at 28 °C for 55 days, 
corresponding to the longest time point used in the biodegradation experiments. At the 
end of each selected time point, the samples were gently removed from their flasks and 
dried in a desiccator for at least 24 h to remove all of the adsorbed water. Samples were 
then weighed (Mettler AT261 DeltaRange, ± 0.03 mg) and photographed. 
The sample set that was removed at Day 55 in sacrifice mode was further 
biodegraded in sampling mode, where samples were re-inoculated with fresh primary 
effluent bi-weekly after removal, drying, weighing, and photographing. The Day 55 set 
was run for 10 more weeks in sampling mode, providing a new batch of primary effluent 
to the samples every two weeks to maximize biodegradation potential. Although the 
primary effluent cultures varied from time point to time point based on the available 
nutrients and dilution due to rainwater entering the WWTP, all samples in the Day 55 set 
experienced the same culture conditions at each time point. 
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7.2.6. Dissolved Oxygen Measurements 
Dissolved oxygen (DO) concentrations (mg/L) were measured in experiments that 
contained primary effluent in contact with solution-blended PCL and MWCNT/PCL 
nanocomposites of varied CNT loading to assess the oxygen availability. A Hach 
IntelliCALTM standard luminescent/optical DO probe (DO LDO101, 0.2-20 mg/L range, 
connected to a Hach multi-meter (HQ40D)) was used to make the measurements. The 
DO probe was sterilized with ethanol prior to use and calibrated with water saturated air 
according to manufacturer specifications. Triplicate DO measurements were collected at 
the onset of biodegradation and at every time point used in sacrifice mode (seven time 
points from 0 – 55 days). 
7.2.7. Aerobic Biodegradation of Melt-Mixed MWCNT/PCL Nanocomposites 
Melt-mixed PCL and MWCNT/PCL nanocomposites were biodegraded according 
to a modified version of the procedure used for the solution blended MWCNT/PCL 
nanocomposites. In contrast to the solution blended PCL and CNT/PCL nanocomposite 
sampling protocol, one set of melt-mixed PCL and MWCNT/PCL nanocomposites were 
run in sampling mode the entire length of the experiment, but the primary effluent culture 
was not refreshed for the first 84 days to minimize changes in the initial inoculum 
obtained from the WWTP without setting up an enormously large set of samples. Instead, 
the samples were removed with long, sterile tweezers, desiccated, weighed, and added 
back to the culture flask they originated from after every two weeks of biodegradation. 
After 84 days, the melt-mixed PCL and MWCNT/PCL nanocomposites were run in 
sampling mode with fresh primary cultures added to the flasks bi-weekly. This was done 
to accelerate biodegradation of the thick MWCNT/PCL nanocomposites and is the same 
method used for the solution blended samples in sampling mode. These samples were 
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aerated at 28 °C and 125 rpm to accelerate biodegradation of the thick samples in contrast 
to the static conditions used for solution blended MWCNT/PCL nanocomposite 
biodegradation. 
7.3. Results and Discussion 
Previously, solution blended MWCNT/PCL nanocomposites of varied MWCNT 
loading were characterized for surface morphology with SEM (Chapter 6). In all 
MWCNT/PCL nanocomposites, MWCNTs were mostly buried below the MWCNT/PCL 
nanocomposite surface. However, individual MWCNTs were observed protruding from 
the MWCNT/PCL nanocomposite surface in random areas, indicating that MWCNTs 
were homogeneously distributed throughout the PCL matrix. Furthermore, 
MWCNT/PCL nanocomposites were uniformly dark upon visual inspection, with 
minimal signs of aggregation (Chapter 6). MWCNT/PCL nanocomposites prepared using 
melt-mixing, a more industrially relevant CNT/PNC production method, were also 
characterized with SEM at the highest MWCNT loading prepared (2% w/w) and in the 
absence of CNTs (pure PCL). SEM images of PCL and 2% w/w MWCNT/PCL 
nanocomposites prepared from melt-mixing/extrusion are shown in Figure 7.1a. Similar 
to the solution blended MWCNT/PCL nanocomposites, the MWCNTs were buried below 
the 2% w/w MWCNT/PCL nanocomposite surface, which looked similar to PCL, and 
CNT dispersion quality was challenging to assess. Since the melt-mixed MWCNT/PCL 
nanocomposite were approximately 20x thicker than the solution blended MWCNT/PCL 
nanocomposites, a melt-mixed 2% w/w MWCNT/PCL nanocomposite was soaked in 
acetone for 15 min to dissolve away some of the polymer surface (~6% mass loss). As a 
result of dissolution, the distribution of MWCNTs in the polymer matrix could be imaged 
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using SEM and a fairly homogeneous distribution of MWCNTs within the polymer 
matrix was observed (Figure 7.1c-d). 
 
Figure 7.1. SEM images of melt-mixed a) PCL and a 2% w/w MWCNT/PCL 
nanocomposite b) before and c-d) after a 15 min acetone soak (two separate areas) to 
show the CNT dispersion quality below the MWCNT/PCL nanocomposite surface. 
MWCNT/PCL nanocomposites were also characterized with DSC. The fraction of 
crystallinity was considered important since a greater fraction of this energetically stable 
conformation can make the polymer more challenging to enzymatically transform and as 
a result, can lower the biodegradation rate. Since the incorporation of additives has been 
shown to alter polymer crystallinity, the effect of CNT incorporation on polymer 
crystallinity was evaluated to determine whether or not this parameter played a role in 
CNT/PCL nanocomposite biodegradability as a function of CNT loading.48 In Chapter 6, 
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solution blended PCL and LO-MWCNTs were analyzed with DSC from 0.1 – 2% w/w. 
In this case, the effect of CNT addition on PCL crystallinity was negligible.  
Table 7.1. DSC measurements of melt-mixed MWCNT/PCL nanocomposites to assess 
the fraction of crystallinity as a function of MWCNT loading. 
  XC   
Sample (%) 
PCL 51.7 
0.1% w/w 50.7 
0.5% w/w 51.5 
1% w/w 51.8 
As compared to the crystallinity of solution blended LO-MWCNT/PCL 
nanocomposites, melt-mixed PCL and MWCNT/PCL nanocomposites also did not 
change in crystallinity with CNT loading (Table 7.1). Although solution blended 
MWCNT/PCL nanocomposites had not yet been analyzed with DSC at the time this 
thesis was written, it is most likely that the crystallinity does not vary with CNT loading 
based on the lack of crystallinity change with CNT loading in the two disparate sets of 
CNT/PCL nanocomposites already run, each with a different CNT type.  
For the melt-mixed samples, the fraction of crystallinity was around 50%. These 
% crystallinity values are similar to those observed for the solution blended PCL and LO-
MWCNT/PCL nanocomposites. However, the solution blended samples contain a small 
amount of ethyl cellulose (EC) surfactant (4% w/w EC), which has been shown to lower 
the crystallinity of pure PCL in Chapter 5. In contrast, the melt-mixed samples do not 
contain EC, and have % crystallinity values slightly lower than pure PCL prepared with 
solution blending. Thus, the absence of EC in melt-mixed samples has the potential to 
enhance the rate of MWCNT/PCL nanocomposite biodegradation rate relative to solution 
blended MWCNT/PCL nanocomposites. However, this potential rate enhancement is not 
expected to be apparent for melt-mixed samples since their surface area to volume ratio is 
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much lower than it is for solution blended MWCNT/PCL nanocomposites as a result of a 
20x thickness difference. In summary, the crystallinity did not change appreciably with 
CNT loading for both the solution blended and melt-mixed MWCNT/PCL 
nanocomposites, indicating that CNTs will not affect the biodegradability of the polymer 
matrix as a result of crystallinity changes. 
In order to determine the biodegradation rate of MWCNT/PCL nanocomposites as 
a function of CNT loading in an aerobic mixed culture of microorganisms, mass loss 
measurements were made after MWCNT/PCL nanocomposite exposure to primary 
effluent. Mass loss of solution blended MWCNT/PCL nanocomposites with varied CNT 
loadings (0, 0.5, 2, and 5% w/w) are shown for different exposure times in Figure 7.2. In 
the left-hand portion of the plot (Days 1 – 55), MWCNT/PCL nanocomposites were 
removed at different time points to measure mass loss due to biodegradation. As a 
confirmatory measure of MWCNT/PCL nanocomposite biodegradation assessed using 
mass loss, dissolved oxygen measurements were made between Day 0 and Day 55 to 





Figure 7.2. A plot of solution blended MWCNT/PCL nanocomposite mass loss for 0, 
0.5, 1, 2, and 5% w/w MWCNT/PCL nanocomposites. The samples removed at Day 55 
in sacrifice mode were replaced in sampling mode (sampling for mass loss and addition 
of fresh primary effluent every 14 days) for the remaining time points to the right of the 
dotted line. 
At Day 0, the dissolved oxygen levels were depleted due to metabolism of the 
supplemental acetate carbon source under static conditions (solution not aerated). It is 
most likely that this oxygen depletion is a result of the supplemental acetate and not the 
chemical oxygen demand of the organic material in the wastewater, since the dissolved 
oxygen levels were saturated (~8 mg/L dissolved O2) prior to acetate addition. 
Furthermore, the dissolved oxygen concentrations dropped within an hour of acetate 
addition and rebounded to a constant O2 saturated condition for an acclimation period of 
approximately 5 days, after which oxygen consumption increased again (Figure 7.3). 
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This is consistent with the time at which mass loss became exponential for all solution 
blended MWCNT/PCL nanocomposite samples (Figure 7.2). Gradually, the dissolved 
oxygen concentration returned to oxygen saturated conditions as the rate of 
MWCNT/PCL nanocomposite mass loss decreased. However, after sampling seven 
times throughout the course of 55 days, the mass loss plots indicated that PCL and 
MWCNT/PCL nanocomposites were continuing to lose mass and had not completely 
degraded (Figure 7.2).  
 
Figure 7.3. Dissolved oxygen consumption as a function of MWCNT/PCL 
nanocomposite loading for each sacrifice mode time point. 
For this reason, the samples removed at Day 55 (Figure 7.2) were submerged in fresh 
primary effluent for two more weeks. This was repeated every two weeks for several 
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more time points to maximize biodegradation via mass loss (Figure 7.2). Although the 
primary effluent could vary in microbial cell density from time point to time point under 
these conditions, all of the samples were exposed to a consistent culture at each time 
point. In fact, the dilution of the first primary effluent culture in the wastewater stream is 
most likely the reason for the fairly slow biodegradation rate observed, as preliminary 
tests indicated that another batch of primary effluent reached the same mass loss in 
approximately half the time of this culture (Figure 7.4). From this information, the time 
scale of PCL biodegradation under mixed culture conditions is on the order of 30-83 
days, depending on the primary effluent batch used. 
 
Figure 7.4. A comparison of mass loss for solution blended PCL from Figure 7.2 to 
solution blended PCL inoculated with a different batch of primary effluent to show 
variability in PCL biodegradation rates. 
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In terms of MWCNT loading, 0.5% w/w biodegraded at a similar rate to that of 
PCL (Figure 7.2). For 2% w/w, the biodegradation rate is suppressed relative to PCL, 
mostly at the beginning time points of the experiment (Figure 7.2). At 5% w/w, there is a 
significant inhibition with less than 10% mass loss over the course of 55 days. However, 
all MWCNT/PCL nanocomposites reached similar levels of mass loss, even at 5% w/w, 
at time points longer than 55 days when primary effluent was replenished bi-weekly. The 
5% w/w most likely required a replenishment of primary effluent to reach the exponential 
phase of biodegradation due to the low abundance of microbes in the initial primary 
effluent culture: with a high mass fraction of CNTs, the initial culture might have 
required more time to acclimate to the PCL substrate or lost its viability. The mass loss 
plateau of 5% w/w is probably lower relative to the other CNT loadings due to the larger 
initial CNT mass that is remaining (Figure 7.2). This phenomenon will be further 
explored in Chapter 8. Further investigation as to why the mass loss plateaued around 
70% is also underway (Figure 7.2). It is possible that byproducts from PCL 
biodegradation have become recalcitrant under mixed culture conditions. Furthermore, 
the size of the underlying aluminum foil used to collect the samples was large (~ 6 cm2) 
and has been reduced to minimized biomass accumulation in ongoing studies. This 
biomass accumulation is visually apparent and can reasonably explain the slight decrease 
in mass loss at the plateau for all of the samples. Overall, the PCL matrix of 
MWCNT/PCL nanocomposites reached the same level of biodegradation but at a 
decreased rate relative to the PCL reference as a function of CNT loading, potentially due 
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to the cytotoxicity and accumulation of CNTs at the PCL surface that can lead to 
biofouling and decreased enzymatic access to the PCL matrix.  
Although the onset of biodegradation might occur at a shorter time point in a 
more densely populated primary effluent inoculum, the CNTs would still be expected to 
inhibit this process as a function of CNT loading. This is supported by the melt-mixed 
MWCNT/PCL nanocomposite data shown in Figure 7.4, which was collected with a 
different initial primary effluent culture. Relative to solution blended samples, thicker 
melt-mixed samples could not degrade as rapidly due their lower surface area to volume 
ratio. These MWCNT/PCL nanocomposites were roughly 20 times larger in mass (24 
mm x 1 mm) than the solution blended MWCNT/PCL nanocomposites (30 mm x 20-30 
µm). For acceleration of biodegradation, melt-mixed samples were aerated by shaking at 
125 rpm. In contrast to the solution blended MWCNT/PCL nanocomposites which were 
run in sacrifice mode, one melt-mixed sample set was continuously removed, desiccated, 
weighed, and put back on in the same culture at different time points on the left-hand 
portion of the plot (< 84 days). To accelerate the experiment further with a slight loss of 
culture consistency, the samples were exposed to a fresh batch of primary effluent every 
two weeks after 84 days in one inoculum, as shown on the right-hand side of the plot. 
Overall, the differences in mass loss rate as a function of CNT loading (0 – 10% w/w) are 
still most apparent at the beginning of the experiment (< 84 days) despite the 
replenishment of primary effluent. Although there is no apparent lag time at the 
beginning of the experiment, the first sampling was at day 14 rather than day 1, which 




Figure 7.5. A plot of melt-mixed MWCNT/PCL nanocomposite mass loss for 0, 0.1, 0.5, 
and 2% w/w MWCNT/PCL nanocomposites. The samples removed at day 84 in sacrifice 
mode were put back on in sampling mode (sampling for mass loss and addition of fresh 
primary effluent every 2 weeks) for the remaining time points to the right of the dotted 
line. 
As is the case with solution blended MWCNT/PCL nanocomposites, the CNTs 
retard but do not prevent biodegradation of melt-mixed MWCNT/PCL nanocomposites, 
even at higher CNT loadings. One further observation is that the 0.1% w/w 
MWCNT/PCL nanocomposites biodegraded at a faster rate than the PCL samples. This 
could be a result of poor MWCNT percolation, or connection, within the polymer matrix 
in the absence of EC at a low MWCNT loading which could enhance enzymatic access to 
polymer and interfacial regions. This observation was not apparent for low MWCNT 
loadings in solution blended MWCNT/PCL nanocomposites, but further investigation 
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into the conditions with which a MWCNT/PCL nanocomposite of low CNT loading will 
biodegrade faster than the pure polymer are underway. For all melt-mixed MWCNT/PCL 
nanocomposites, MWCNT/PCL nanocomposites were much thicker and could permit a 
much greater accumulation of CNTs at the MWCNT/PCL nanocomposite surface relative 
to solution blended MWCNT/PCL nanocomposites during the biodegradation process. 
SEM images of MWCNT accumulation at the surface of 2% w/w MWCNT/PCL 
nanocomposites are shown after approximately 55 days of continuous exposure to 
primary effluent (Compare Figure 7.6a and b). Despite the significant difference in 
thickness of melt-mixed samples to solution blended samples, polymer entrapment below 
the accumulated CNTs and increased cytotoxicity due to the high concentration of 
surface CNTs did not render the MWCNT/PCL nanocomposites persistent. Instead, the 
CNTs simply slowed the MWCNT/PCL nanocomposite biodegradation rate as a function 
of CNT loading. Furthermore, consistent with P. aeruginosa studies (Chapter 6), biofilms 
of microorganisms from primary effluent were prevalent on many areas of the surface 
despite the accumulation of MWCNTs (Figure 7.6b). Furthermore, the surface 
morphology became rougher, with many cavities present at the surface following 
biodegradation (Figure 7.6c). Although MWCNT/PCL nanocomposite biodegradation 
was not prevented with thicker, melt-mixed CNT/PNCs, the duration of MWCNT/PCL 
nanocomposite biodegradation was much longer than for the solution blended 




Figure 7.6. SEM images of melt-mixed 2% w/w MWCNT/PCL nanocomposite surfaces 
a) before and after b-c) 55 days of primary effluent exposure. 
In comparison to single culture conditions, MWCNT/PCL nanocomposites 
biodegraded differently in mixed culture (Figure 7.7). Although not directly comparable 
in terms of time because of differences in sampling and batch-to-batch inconsistencies in 
primary effluent, MWCNT/PCL nanocomposites qualitatively degraded at a more rapid 
time scale in mixed culture than in single culture. Furthermore, the aerobic mixed culture 
appears to be less sensitive to the presence of CNTs in the PCL matrix than the single 
culture of P. aeruginosa. At lower CNT loadings, the inhibition is much more apparent in 
single culture than in mixed culture as evidenced by the mostly uninhibited 
biodegradation rate of 1% w/w MWCNT/PCL nanocomposites under mixed culture 
conditions and the suppressed rate of 1% w/w MWCNT/PCL nanocomposites in the 
presence of P. aeruginosa (Figure 7.7). Additionally, it is clear from the mass loss plots 
that a high CNT loading such as 2 and 5% w/w degrades very gradually over time under 
single culture conditions while it degrades much more rapidly (20-40 d) under mixed 




Figure 7.7. A comparison of solution blended MWCNT/PCL nanocomposite mass loss 
under a) mixed culture b) and single culture conditions. The mass loss of mixed 
culture/PCL nanocomposites is an average of three replicate samples and the mass loss of 
the single culture/PCL nanocomposites is one replicate, with the average rate constants 
and goodness of fits for four replicates shown in Appendix 6. 
The difference in sensitivity of the aerobic cultures to the presence of CNTs in the 
PCL can be attributed to several factors. First, it has been shown that CNTs at the surface 
of a CNT/PNC are cytotoxic to P. aeruginosa in direct contact or proximity.18 A dead 
layer of P. aeruginosa can coat the surface of the CNT/PNCs, blocking access to the 
microorganisms that have been shown to actively form a biofilm above the dead layer.29 
Since the dead layer most likely limits the access of the active biofilm to the PCL, the 
rate of PCL matrix biodegradation is most likely suppressed as a result. In contrast, a 
subset of the microorganisms in mixed culture are likely more recalcitrant to CNT 
cytotoxicity than a single culture as a result of physiological diversity. For example, 
several CNT toxicity studies have suggested that gram negative bacteria are more 
resistant to toxicity than gram positive bacteria due to the presence of an outer cell 
membrane.49, 50 Furthermore, the presence of many diverse metabolic processes in mixed 
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cultures can lead to more rapid biodegradation of the PCL matrix, lowering the activation 
energy of the process and as a result, improving the ability of biodegradation processes to 
overcome the inhibitory effects of CNTs. Overall, MWCNT/PCL biodegradation in 
aerobic mixed culture shows similar trends as those observed in single culture aerobic 
biodegradation, but the rate of biodegradation is enhanced and the sensitivity of the 
culture conditions to CNTs are reduced under aerobic mixed culture conditions. A 
follow-up to this study should include a survey of the microbial diversity before, during, 
and after degradation to determine which specific bacteria are responsible for PCL 
degradation and which are more recalcitrant to the presence of CNTs. 
7.4. Appendix 7 Summary 
Pictures of primary effluent diluted into BMM (Figure A7.1) for inoculation of 
replicate PCL and MWCNT/PCL nanocomposites to be biodegraded in sacrifice mode 
(Figure A7.2); pictures of solution blended (Figure A7.3) and melt-mixed (Figure A7.4) 
MWCNT/PCL nanocomposites before and after aerobic mixed culture biodegradation. 
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8.1. Introduction 
The environmental degradation of carbon nanotube/polymer nanocomposites 
(CNT/PNCs) warrants investigation since the production and use of CNT/PNCs by 
consumers will eventually culminate in their disposal. Specifically, the interaction of 
microorganisms with CNT/PNCs in landfills, surface waters, soils, and wastewater 
treatment plants can lead to biodegradation of the CNT/PNC polymer matrix, resulting in 
CNT exposure and release.1-3 CNTs are of environmental concern as a result of their 
ecotoxicity, persistence, and ability to facilitate transport of co-contaminants throughout 
the environment.1-5  Microbial populations can use polymers as a carbon source, 
enzymatically breaking down the polymer chains to lower molecular weight, oxidized 
species that can be used as an energy source to run the metabolic and regulatory 
machinery of the microorganisms. The energetics of degrading a polymer substrate are 
236 
 
largely dependent on the functional groups, crystallinity, and steric conformation that 
allow the enzyme to cleave certain covalent bonds of the polymer.6 In the case of some 
widely used polymers, such as polyethylene, polystyrene, and epoxy, this process is slow 
and often requires other environmental conditions to drive the process, such as photo-
oxidation and weathering.7-10 In other polymers such as poly(butylene succinate) (PBS), 
poly(vinyl alcohol), cellulose, starch, poly-ɛ-caprolactone (PCL), and 
polyhydroxyalkanoates (PHA), this process is more kinetically labile and these polymers 
are considered biodegradable.4, 7, 10, 11 Many of these biodegradable polymers, with the 
exception of PBS, have poor properties that prevents or minimizes their use without a 
CNT filler.4 
In Chapter 6, the PCL matrices of CNT/PCL nanocomposites were shown to 
biodegrade despite the presence of CNTs. However, CNTs still had inhibitory effects on 
the biodegradation process. Specifically, in the presence of a single, primed culture of 
Pseudomonas aeruginosa (P. aeruginosa), multi-wall CNT (MWCNT)/PCL and slightly 
oxidized-MWCNT (LO-MWCNT)/PCL nanocomposites became more resistant to 
biodegradation as a function of CNT mass loading and as a result, degraded at a slower 
rate. Under aerobic, mixed culture conditions, the PCL matrices of MWCNT/PCL 
nanocomposites were also shown to degrade, but on a more rapid time scale and with 
similar inhibitory effects by CNTs. This is most likely a result of the many diverse 
metabolic processes in mixed cultures and their ability to acclimate to contaminants and 
harsh environments.12-14 
In all of the previous biodegradation studies reported in this thesis, PCL has been 
the only polymer matrix used; thus, the role of polymer matrix type on the biodegradation 
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of CNT/PNCs is still unclear. Since polymer types vary widely in terms of their 
biodegradation rates, the role of CNTs on the biodegradability of PHA, a more rapidly 
biodegradable polymer than PCL, was investigated under environmentally relevant, 
mixed culture conditions.15-28 CNT/PCL biodegradation and CNT/PHA biodegradation 
were compared in mixed culture because both polymer types could degrade at different 
rates within a fairly reasonable experimental time frame (days-months). Relative to PHA, 
PCL can also be considered more representative of synthetically derived polymers such 
as PE and PS, since these polymers can degrade on an even slower time scale than PCL. 
The effect of polymer type on CNT/PNC degradability could then be ascertained to 
determine whether the inhibitory effect of CNTs is present for all or only some polymer 
types within a particular type of mixed culture. 
PHA was also chosen since CNTs can improve its properties for broader use in 
many applications.29-34 PHA typically consists of  polyhydroxybutyrate (PHB) and 
polyhydroxybutyrate-hydroxyvalerate (PHB/HV), polyesters that many types of 
microorganisms, such as Aeromonas hydrophila and Thiococcus pfennigii, can produce 
and accumulate for carbon and/or energy storage.35 PHAs possess some similar properties 
to synthetic thermoplastics such as polypropylene (PP): for example, the density of PHB 
and PP are 1250 and 900-910 kg/m3, respectively and the melting points of PHB and PP 
are 180 and 176 °C, respectively. In contrast, PHAs have much poorer mechanical 
properties then synthetic polymers such as tensile strength, which is 13-40 and 38 MPa 
for PHB and PP, respectively.36, 37 With the decreasing production cost of PHA in recent 
years, PHA is being used as a substitute for traditional plastics in a wide range of 
applications.38, 39 Current commercial PHA products include films, pins, and screws 
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which are produced by some companies in the United States (i.e., Metabolix and 
TEPHA).40 Even more applications can be considered if the mechanical properties of 
PHA can be improved.  
In order to further elucidate the effect of CNT fillers on polymer degradation 
processes in CNT/PNCs, biodegradation under both aerobic and anaerobic mixed cultures 
was investigated.  Both conditions are considered relevant to those that will be 
experienced by CNT/PNCs in the environment: aerobic conditions will be present in 
surface waters, the top layer of soils, and effluent in wastewater treatment plants while 
anaerobic conditions will be present in landfills, soils, sediments, and digested sludge in 
wastewater treatment plants.1-3  The mixed cultures of aerobic and anaerobic 
microorganisms were both obtained from the Back River Wastewater Treatment Plant. 
The use of wastewater and wastewater sludge was motivated by the fact that polymeric 
materials and CNT/PNCs might make their way into treatment plants through sewer and 
rainwater collection systems after consumer product disposal down household drains and 
from improper disposal in the environment (i.e. littering).41 Primary wastewater effluent 
was chosen as the wastewater medium for aerobic cultures since it contains a diverse 
population of aerobic and facultative anaerobic microorganisms originating from a wide 
range of sources.42-45 Similarly, anaerobic digester sludge was chosen because it is 
commonly used as a source of inoculum for biomethane potential assays under oxygen 
depleted conditions due to the diverse microbial community it contains.41, 46, 47  
Importantly, microbes from wastewater and anaerobic sludge alike are acclimated to 
degrade heterogeneous waste and possess multi-faceted types of hydrolytic extracellular 
enzymes, including enzymes that are capable of PCL and PHA hydrolysis.41  
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The motivation for use of both aerobic and anaerobic microorganisms was to 
assess the biodegradability of CNT/PNCs by different microbial species and metabolic 
processes. Specifically, the impact of CNTs might be more pronounced under one mixed 
culture condition than another for a given polymer type. Overall, the goal was to 
determine the mixed culture conditions under which CNTs have higher, lower, or similar 
inhibitory effects. Therefore, data collected for two polymer types under two mixed 
culture conditions was undertaken to enable greater generalization of biodegradation 
trends for CNT/PNCs. Thus, solution blended LO-MWCNT/PCL, MWCNT/PCL, and 
MWCNT/PHA nanocomposites were each exposed to aerobic and/or anaerobic 
conditions in this study.  
The biodegradability of CNT/PNCs was assessed by mass loss under aerobic 
conditions (which is described in the previous chapter) and by conversion to biogas (CO2 
and CH4) under anaerobic conditions. In terms of material characterization, CNT/PNCs 
were characterized using differential scanning calorimetry (DSC) to determine the 
fraction of crystallinity and scanning electron microscopy (SEM) to evaluate surface 
structure and morphology. SEM of the CNT/PNC surfaces as well as CNT/PNC 
thickness changes as a result of polymer biodegradation were also investigated. For 
anaerobic conditions, biogas production was measured as a function of volume per initial 
CNT/PNC mass and gas composition using gas chromatography. The protocol for the 
biogas assay originated from ASTM, 1992 and was further modified by Owen et al.46, 47  
8.2. Experimental: Aerobic Mixed Culture Biodegradation of CNT/PNCs 




A particular mass loading of pristine multi-wall carbon nanotubes (MWCNTs, 
NanoLab Inc., PD15L5-20, Lot # 20130820, outer diameter 15 ± 5 nm, length 5-20 µm) 
and 80 mg ethyl cellulose, hereafter abbreviated as EC (48.0 - 49.5% (w/w) ethoxyl basis, 
Lot # BCBG4792V, Sigma-Aldrich), were added to 160 mL chloroform (CHCl3, HPLC 
grade, ≥99.9%, Sigma-Aldrich ). A MWCNT suspension stabilized by EC was then 
produced by sonication using a Branson 1510 ultrasonicator bath operating at 70 watts 
for 3 h. During this process, the suspension was capped tightly to prevent solvent 
volatilization. After the MWCNT/EC suspension had been prepared, 1600 mg of PHA 
(95-100%, Metabolix Inc., Cambridge, MA), a copolymer of poly-3-hydroxybutyrate 
(P3HB) and poly-4-hydroxybutyrate (P4HB), was added and the mixture was sonicated 
for an additional 2 h to produce a casting solution. A pre-determined volume of this 
casting solution was then poured into aluminum dishes (44 mm diameter, 12.5 mm 
height, Fisherbrand) and allowed to sit overnight for solvent removal by evaporation. The 
generated MWCNT/PHA nanocomposites were then peeled from the aluminum dishes 
and consistently trimmed around the edges to obtain flat MWCNT/PHA nanocomposites 
of similar diameters (~30 mm).  
The volume of casting solution needed to produce MWCNT/PHA 
nanocomposites with the same diameter and mass was found to vary with CNT loading. 
Initial studies conducted with a constant volume of casting solution (5 mL) revealed that 
casting solutions containing higher CNT loadings yielded PNCs that were consistently 
thicker at the bottom of the aluminum dish while casting solutions containing lower CNT 
loadings produced PNCs that tended to spread out more thinly at the bottom of the dish 
but spread further up the dish walls. This difference could potentially be a result of the 
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increased density of CNTs (1.615 g/cm3 calculated using the method described by 
Laurent et al.) relative to PHAs (1.240 g/cm3).48, 49 This issue could be circumvented by 
using different volumes of casting solution depending on the CNT loading (10, 9.5, 8, 
7.5, 5, and 5 mL of casting solution for 0, 0.5, 1, 2, 5, and 10% w/w MWCNT loading, 
respectively). Using this approach, it was possible to produce MWCNT/PHA 
nanocomposites that exhibited similar physical dimensions (28 - 30 µm thickness) and 
mass (28 - 35 mg).  
8.2.2. MWCNT/PCL Nanocomposite Preparation for Aerobic Biodegradation  
PCL and MWCNT/PCL nanocomposites containing MWCNT (NanoLab Inc.) 
loadings of 0.1, 0.5, 1, 2, and 5% w/w were prepared using the same solution blending 
methods described in Chapter 6 and 7.  
8.2.3. MWCNT/PHA Nanocomposite Characterization 
8.2.3.1. Differential Scanning Calorimetry (DSC) 
DSC measurements were made on PHA and all of the MWCNT/PHA 
nanocomposites used in this study to characterize the effect of CNT loading on 
the degree of polymer crystallinity, a property of polymeric materials that can 
have an effect on biodegradation rates.50 DSC curves were generated using a TA 
instrument system operating over a temperature range of 30 to 180 °C with 
heating and cooling rates of 3 °C/min. DSC measurements were made for 
duplicate areas of each MWCNT/PHA nanocomposite and for at least two 
separately prepared coupons for each CNT loading used. The analysis of DSC 
curves for both the heating and cooling processes was carried out for the first data 
run using TA Universal Analysis software 2000 (TA instruments, New Castle, 
Delaware). The enthalpy of fusion was calculated from the area of the 
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endothermic peak using linear integration from 159 to 179 °C. The crystallinity 
was determined as the ratio of the experimental MWCNT/PHA nanocomposite 
enthalpy of fusion to the theoretical enthalpy of fusion (∆H0) for 100% crystalline 
PHA (146.6 J/g).51  
8.2.3.2. Energy-Dispersive X-ray Analysis (EDS) 
EDS was used to measure the chlorine content in samples as a means to 
ensure that all of the chloroform used to prepare the PHA and MWCNT/PHA 
coupons had evaporated during the drying process and therefore did not impact 
the biodegradation results. In these experiments, PHA as well as 5 and 10% (w/w) 
MWCNT/PHA nanocomposite samples were cut into 1 cm2 pieces. For a given 
MWCNT/PHA nanocomposite, four 1 cm2 pieces were tightly stacked and taped 
down to the sample stub to eliminate the iron signal from the underlying sample 
stub. Each PHA and MWCNT/PHA stack was analyzed with EDS (EDAX 
Genesis 4000 X-ray analysis system, detector resolution of 129 eV) in two areas. 
Chlorine was not detected in any of the samples analyzed. 
8.2.3.3. Scanning Electron Microscopy (SEM) 
SEM was used to analyze the surface structure and morphology of 
MWCNT/PHA nanocomposites before and after biodegradation. For these 
analyses, samples were cut into 1 cm2 pieces and sputter-coated with platinum 
(Quorum Technologies Polaron SC7640 Auto/Manual High Resolution Sputter 
Coater, 12 mA/800V plasma current, and 5 min at 0.5 nm/min) prior to imaging 
with SEM (JEOL 6700F, 10 keV, 7.0 nm working distance, LEI & SEI detectors). 
Prepared MWCNT/PHA samples were imaged prior to biodegradation at either 
10,000x, 15,000x, or 30,000x magnification in triplicate areas. The same 
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approach was used to image MWCNT/PHA nanocomposites at the conclusion of 
the biodegradation experiments once the samples had been dried. The 
reproducibility of the data obtained on the biodegraded MWCNT/PHA samples 
was assessed by imaging two separately prepared 5% w/w MWCNT/PHA 
nanocomposites after 20 d of biodegradation. 
SEM was also used to measure the change in thickness of MWCNT/PHA 
nanocomposites as a result of biodegradation. In these experiments, duplicate 5% 
and 10% w/w MWCNT/PHA samples were trimmed into 1 cm2 pieces and 
cryosnapped down the middle using liquid nitrogen. Duplicate samples that had 
been biodegraded for 20 days were collected on top of aluminum foil and 
cryosnapped. Cryosnapped MWCNT/PHA nanocomposites were then mounted 
on the side of a sample stub so that the sample cross-section was perpendicular to 
the direction of the electron beam. Sample cross-sections were imaged at 15,000x 
and thicknesses were determined in at least six areas per replicate sample using 
ImageJ software (NIH, Bethesda, MD).  
8.2.4. MWCNT/PHA Nanocomposite Characterization 
SEM was also used to image PCL and MWCNT/PCL nanocomposites 
before biodegradation as described in Chapter 7. DSC and EDS measurements 
were previously made on LO-MWCNT/PCL nanocomposites as described in 
Chapters 2 and 6. DSC measurements were also made on melt-mixed 
MWCNT/PCL nanocomposites (Chapter 7). Overall, CNT/PCL nanocomposites 
did not contain residual chlorine from solvent casting and also did not vary in 
terms of crystallinity as a function of CNT loading.  
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8.2.5. Aerobic Biodegradation of MWCNT/PHA Nanocomposites 
8.2.5.1. Inoculum and Media Preparation 
The inoculum chosen for this biodegradation study was primary effluent 
provided by the Back River Wastewater Treatment Plant (Baltimore, MD). The 
inoculum, which is described in Chapter 7, was used the same day it was collected 
and diluted ten times (v/v) into basal mineral media (BMM, 7.18 mM K2HPO4, 
2.79 mM KH2PO4, 0.757 mM (NH4)2SO4, 0.0406 mM MgSO4*7H2O, 0.5 v/v% 
Trace Elements Solution: 3.75 mM H3BO3, 0.0605 mM ZnSO4*7H2O, 0.0296 
mM FeSO4(NH4)2SO4*6H2O, 0.034 mM CoSO4*7H2O, 26 µM 
(NH4)6Mo3O24*4H2O, 32 µM CuSO4*5H2O, and 36 µM MnSO4*4H2O). A 200 
mg/L sodium acetate trihydrate (ReagentPlus®, ≥99.0%, Sigma-Aldrich) carbon 
source, which is equivalent to 35 mg/L carbon, was added to increase the 
microorganism population for CNT/PNC biodegradation. Abiotic controls were 
also prepared using BMM without primary effluent to ensure that the mass loss 
observed in the presence of the primary effluent was exclusively a result of 
biodegradation and not dissolution.  
8.2.5.2. Aerobic Biodegradation Setup 
Individual PHA and MWCNT/PHA nanocomposites with CNT loadings 
of 0, 0.5, 1, 2, 5, and 10 % (w/w) were placed into 125 mL flasks (Fisherbrand). 
100 mL of inoculated BMM was then partitioned into each flask and incubated at 
28 °C under static conditions. For initial microbial population consistency, PHA 
and MWCNT/PHA nanocomposites in primary effluent were run in sacrifice 
mode, meaning that all sample sets were started at the same time with one batch 
of primary effluent and each set was removed at a different time point.18, 24 A full 
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set of PHA and MWCNT/PHA nanocomposites (0 – 10% w/w) was used for each 
sampling time point, with a total of 12 sampling time points ranging from 1 to 20 
days. Samples were incubated at 28 °C under static conditions. Additionally, for 
every CNT loading used, triplicate samples were setup for removal at each time 
point. Abiotic controls were setup using four replicate MWCNT/PHA 
nanocomposites at each CNT loading which were sterilized with 70% ethanol for 
5 min, placed into 125 mL flasks containing 100 mL sterile BMM, and incubated 
at 28 °C for 20 days, corresponding to the longest time point used in the 
biodegradation experiments. At the end of each selected time point, the PHA and 
MWCNT/PHA samples were gently removed from their flasks, dried in a 
desiccator for at least 24 h to remove all of the adsorbed water, and then weighed. 
The percentage mass loss was calculated with respect to both the total CNT/PNC 
mass and the PHA matrix mass. The same procedures were used for 
MWCNT/PCL nanocomposites in Chapter 7. 
MWCNT/PCL nanocomposites were setup according to the procedure 
described in Chapter 7. In brief, samples were run in sacrifice mode for 55 days 
and the last set of samples removed were weighed and re-inoculated bi-weekly 
with fresh primary effluent. 
8.3. Experimental: Anaerobic Mixed Culture Biodegradation of CNT/PNCs 
8.3.1. LO-MWCNT/PCL Nanocomposite Preparation for Anaerobic Biodegradation 
PCL and LO-MWCNT/PCL nanocomposites containing a LO-MWCNT (4.1% 
surface atomic oxygen) loading of 0.1, 0.5, and 2% w/w were prepared using the same 
solution blending methods described in Chapter 6.  
8.3.2. MWCNT/PHA Nanocomposite Preparation for Anaerobic Biodegradation 
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PHA and PHA/MWCNT nanocomposites were prepared for anaerobic 
biodegradation according to the same preparation procedure used for aerobic mixed 
culture experiments. 
8.3.3. Biogas and Biomethane Potential Tests (BMP) of CNT/PNCs 
The BMP test was utilized to evaluate the amount of biogas and methane 
production from the polymer matrix in CNT/PNCs of varied CNT loading. The procedure 
for the BMP test used follows that of Owens et al. and ASTM Standard E1196-92.46, 47 In 
150 mL serum bottles, an estimated 3 g/L COD was used for CNT/PNCs containing PCL 
and an estimated 1.5 g/L COD was used for CNT/PNCs containing PHA. Specifically, 
10-12 LO-MWCNT/PCL nanocomposites were added to each serum bottle to reach a 
final mass of approximately 300 mg and six MWCNT/PHA nanocomposites were added 
to each serum bottle to reach a final mass of approximately 150 mg. The inoculum used 
was anaerobic sludge from the digester that treats sewage sludge at the Back River 
Wastewater Treatment Plant in Baltimore, MD. The CNT/PNC samples were incubated 
in a BMP sludge solution at 35 ± 0.5 °C: LO-MWCNT/PCL nanocomposites were 
incubated for 395 days while MWCNT/PHA nanocomposites were incubated for 60 days. 
The LO-MWCNT/PCL and MWCNT/PHA nanocomposite sets were analyzed with 
different batches of digested sludge and for every CNT loading studied, replicate serum 
bottles were run. Blanks were also run for each CNT/PNC set to subtract off any residual 
biogas production (< 40 mL, cumulative) from the remaining carbon source within the 
sludge.  
8.3.4. BMP Media/Digested Sludge Preparation 
A defined biomethane potential media (BMP) was prepared using concentrated 
stock solutions (Table 8.1) which were stored at 4 °C. The final assay concentrations of 
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nitrogen, phosphorus, and alkalinity were, respectively: 122 mg/L N, 19 mg/L P, and 
2500 mg/L CaCO3. A 4L BMP solution containing 0.4 L sludge was prepared using the 
stock solutions (S2-S8) listed in Table 8.1. Fresh digester sludge was obtained from the 
wastewater treatment plant the day before the experiment, incubated at 35 °C overnight in 
a slightly crushed container, and only used if the container had expanded by the next day; 
this ensured that the microorganisms were active within the digester sludge. The protocol 
used to prepare the BMP media was designed to ensure that substrate degradation is not 
limited by nutrients, inoculum, pH, oxygen toxicity or substrate overloading.46, 47 
Specifically, a stock solution of resazurin (S2) was used as a redox indicator to confirm 
the absence of oxygen; this indicator turned the BMP media pink only when oxygen 
entered into the system.  Macronutrients (S3) were also added to ensure that nitrogen, 
phosphorus and potassium were not limiting.  S4 and S5 consisted of trace metals added 
to prevent the limitation of micronutrients; this was modified from ASTM 1992 to 
include nickel since Owen et al. found this to be an important micronutrient for 
methanogen metabolism. Sodium sulfide, a reducing agent, was also added (S5) to 
remove residual oxygen from the media. Another modification by Owen et al. (1979) 
included addition of a stock solution containing vitamins and cofactors (S7), which was 
added to the media used in this study. Finally, sodium bicarbonate was added as a pH 
buffer to prevent an inhibitory pH drop as a result of acidification during biodegradation. 
First, 2 mL of S2 (oxygen indicator), 8 mL of S3 (phosphate buffer), and 40 mL 
of S4 (macronutrients) were added to 3 L of deionized water while stirring in a 10 L 
carboy which was marked at 3.6 L. The 3 L solution was then boiled for 30 min for 
deoxygenation and cooled while purging with N2 gas at approximately 1 L/min in a water 
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bath. After the media had cooled to room temperature, 6 mL of S5 (micronutrients), 5.4 
mL of S6 (sodium sulfide, a reducing agent to remove oxygen), and 54 mL of S7 
(vitamins and co-factors) were added under continuous N2 purging while stirring. Next, 
the gas was changed from N2 to a 20:80 CO2/N2 mixture and flushed at 1 L/min to help 
stabilize the pH. 8.40 g NaHCO3 was added as a powder, the DI water level was adjusted 
to 3.6 L, and the pH was slowly adjusted to 7.2 by continuous purging with the 20:80 
CO2/N2 gas mixture.  
Next, 0.4 mL of sludge was added into the BMP solution while stirring under 
continuous 20:80 CO2/N2 gas purging. After stirring for 30 min, 100 mL of the 
sludge/BMP solution was transferred using a syringe and tubing to each serum bottle 
containing CNT/PNC samples, polymer references, and blanks. The BMP assay was 
conducted with 150 mL reagent bottles with serum stoppers. Bottles were sparged at a 
flow rate of approximately 0.5 L/min for 5 min with a mixture of 20:80 CO2/N2, then 
stoppered and equilibrated to room pressure by removal of excess gas from the headspace 
using a gas tight syringe.
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Table 8.1. Stock solutions for preparation of defined BMP media. 
Solution Compound Concentration, g/L 
S1 Sample <2 g/L degradable COD in 
assay liquid (estimated) 
S2 Resazurin (oxidation-reduction indicator) 1 
S3 (NH4)2HPO4 26.7 










S5 FeCl2•4H2O 370 
S6 Na2S•9H2O 500 
S7 Biotin 0.002 
Folic acid 0.002 
Pyridoxine hydrochloride 0.01 
Riboflavin 0.005 
Thiamine 0.005 
Nicotinic acid 0.005 
Pantothenic acid 0.005 
B12 0.0001 
p-aminobenzoic acid 0.005 
Thioctic acid 0.005 
8.3.5. Sampling 
Volumetric gas-volume sampling during incubation was performed with glass, 
gastight syringes (5-50 mL depending on gas volume production) which were lubricated 
with deionized water and equipped with 20-gauge needles. Volumetric readings were 
made after samples were equilibrated to room temperature. Sampling time points were 
spaced by 1-3 days during periods of high gas volume production and spaced out by 10-
20 days for periods of low gas volume production.46, 47 
After the volumetric reading was taken, the excess volume of produced gas was 
removed using the gastight syringe, which as a result, equilibrated the BMP serum bottle 
headspace to atmospheric pressure. At this point, 250 µL of gas was sampled using a 
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Hamilton SampleLock syringe and assayed for CH4 and CO2 content using gas 
chromatography, which is described in the next section.46, 47 
8.3.6. Gas Chromatography (GC)  
Gas composition was measured using a Shimadzu GC equipped with a Hayes Q 
80/100 column and a thermal conductivity detector (TCD). An injection temperature of 
130 °C, a column current of 80 mA, and a He carrier gas pressure of 2 bars were used. 
Analytical standard N2, CO2, and CH4 gases (>98% purity, Supelco) were each injected 
into the GC at volumes of 50, 150, and 250 µL to calibrate the GC-TCD prior to sample 
gas composition measurements.  
8.3.7. Activated Sludge for Assessing CNT Toxicity 
In place of digested sludge, which has a low level of carbon source, activated 
sludge was used to assess the effects of CNT powders on anaerobic mixed cultures. 
Activated sludge was picked up from the wastewater treatment plant a day prior to use. 
Activated sludge contains a carbon source for microorganisms to degrade since it has not 
yet been fully digested. CNT powders were added directly to this type of sludge to 
measure the effect of CNTs on biogas production. The same procedure was used to 
prepare sludge and BMP media, which were added to replicate serum bottles containing 8 
mg of CNT powders. After stoppering, serum bottles were vortexed for approximately 5 
min to distribute the CNT powder throughout the sludge and sampled according to the 
same procedure already outlined, with the sludge carbon source producing the gas instead 
of a polymer matrix. Total solids and volatile solids were measured to determine the 
theoretical gas production by the activated sludge. 
8.3.8. Measurement of Total Solids and Volatile Solids within Digester Sludge 
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Activated sludge was analyzed for total solids (TS) and volatile solids (VS) 
according to standard methods.41 First, two aluminum dishes were heated in an oven at 
550 °C for 60 min and then weighed. Next, 1 mL of sludge (filtered with a large mesh 
sieve) was transferred into each dish. After sludge transfer, the pipette tip used was 
washed with Milli-Q water to ensure complete transfer of the sludge to the dish. The 
dishes were put in an oven for 2 h at 105 °C to remove water and then weighed. The mass 
of total solids was determined by subtracting the mass after 105 °C treatment from the 
mass of the dish. The dishes were then put back into the oven at 550 °C for 1 h to burn 
away all of the organic matter. The mass of volatile solids was then calculated by 
subtracting the mass of the dish after 105 °C treatment from the mass of the dish after 
550 °C treatment. The remaining solids after 550 °C treatment, which are also called 
fixed solids (e.g. CaCO3), were considered recalcitrant to biodegradation within the 
sludge. 
8.4. Results and Discussion 
8.4.1. Aerobic Mixed Culture Biodegradation of MWCNT/PHA and MWCNT/PCL 
Nanocomposites 
In Chapter 7, MWCNT/PCL nanocomposite characterization and biodegradation 
under aerobic mixed culture conditions are described. In this section, MWCNT/PHA 
nanocomposite characterization and biodegradation results under mixed culture 
conditions are discussed. 
In terms of MWCNT/PHA characterization, the SEM images in Figure 8.1a show 
a surface morphology comparison of PHA (0% w/w) and MWCNT/PHA nanocomposites 
at varied CNT loadings (0.5, 2, and 5% w/w) before exposure to microorganisms. The 
SEM images indicate that MWCNT/PHA nanocomposites with CNT loadings below 5% 
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w/w have less than 10 CNTs observable at the surface and a similar surface morphology 
to that of PHA (Figure 8.1a and Appendix 8). In contrast, CNTs appear at the surface of 5 
and 10% w/w MWCNT/PHA nanocomposites with minimal signs of CNT aggregation, 
indicating that the MWCNTs are well dispersed in the PHA matrix (Figure 8.1a and 
Appendix 8). The homogenous CNT distribution observed at the MWCNT/PHA 
nanocomposite surfaces with SEM was further supported by visual observation of a 
uniformly black color, which systematically increased in darkness with CNT loading for 
all MWCNT/PHA nanocomposites (Figure 8.1a). 
 
Figure 8.1. a) SEM and b) DSC characterization of MWCNT/PHA nanocomposites at 0, 
0.5, 2, and 5% w/w MWCNT/PHA for surface morphology and crystallinity 
measurements before biodegradation, respectively. 
DSC was also used to characterize the degree of crystallinity as a function of CNT 
loading for all MWCNT/PHA nanocomposites studied (Figure 8.1b). In biodegradation 
processes, enzymatic degradation of amorphous, or less ordered domains, is more 
kinetically favorable than degradation of ordered crystalline regions where tightly packed 
polymer chains are in their most thermodynamically stable configuration and can limit 
enzymatic access.52 Since the degree of crystallinity is a factor that affects 
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biodegradability and the PHA in this study was modified with CNTs, the contribution of 
CNTs to the crystallinity of PHA was determined when different CNT loadings (0 - 10% 
w/w) were added to the PHA matrix.53 Despite the added CNT filler in MWCNT/PHA 
nanocomposites, the results demonstrate that MWCNT/PHA nanocomposites and PHA 
have similar degrees of crystallinity (Figure 8.1b). Thus, crystallinity does not play a role 
in the biodegradability of MWCNT/PHA nanocomposites within the range of CNT 
loadings used in this study.  
Figure 8.2 shows the effect of CNT incorporation at different mass fractions (0.5 - 
10% w/w) on the biodegradability of PHA. MWCNT/PHA nanocomposites were 
degraded in primary effluent and removed in sets at each time point to determine the 
MWCNT/PHA nanocomposite mass loss (Figure 8.2a) or the percentage of PHA matrix 
mass loss (Figure 8.2b). Consistent with other studies, PHA readily biodegraded in the 
presence of an aerobic mixed culture.16-27 In primary effluent, almost 100% of the PHA 
degraded (Figure 8.2) after seven days, with some residual PHA not collectible. In 
contrast, the final mass loss of MWCNT/PHA nanocomposites (Figure 8.2a) after seven 




Figure 8.2. a) A plot of MWCNT/PHA nanocomposite mass loss and b) PHA matrix 
mass loss for 0, 0.5, 5, and 10% w/w MWCNT/PHA nanocomposites. The inset plots 
show mass loss of a) MWCNT/PHA nanocomposites as function of CNT loading at day 
20 and b) mass loss of the PHA matrix as a function of CNT loading at day 20. 
Between 0.5 - 10% w/w, the final MWCNT/PHA nanocomposite mass loss decreased 
with CNT loading (Figure 8.2a inset). However, the primary effluent effectively 
biodegraded all of the PHA matrix regardless of CNT loading, with at least 92.5% PHA 
mass loss after seven days of incubation and 95.6% PHA mass loss after 20 days (Figure 
8.2b inset). Thus, the mass loss differences observed as function of CNT loading (Figure 
8.2a inset) can be attributed to the remaining mass of CNTs. This remaining mass of 
CNTs reasonably corresponds to the initial mass loading of CNTs plus the fraction of 
ethyl cellulose per sample (5% w/w) with an average remaining mass fraction of 8.3, 7.8. 
8.8, 12.2, and 16.8% for 0.5, 1, 2, 5, and 10% w/w MWCNT/PHA nanocomposites, 
respectively. Figure 8.2 also demonstrates that the rates of biodegradation for 
MWCNT/PHA nanocomposites of varied CNT loading are similar to that of PHA (0% 
w/w). Therefore in aerobic mixed culture, a high concentration of CNT filler does not 
affect the biodegradation rate of the PHA matrix in MWCNT/PHA nanocomposites. The 
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ability of the microorganisms to overcome the cytotoxicity of CNTs is most likely a 
result of the kinetically rapid biodegradation of PHA.  
In addition to having similar biodegradation rates, all MWCNT/PHA 
nanocomposites, including 0.5% w/w, maintained their shape and color despite more than 
95% PHA matrix mass loss. Although more brittle, all MWCNT/PHA nanocomposites of 
varied CNT loading remained intact after 20 days of biodegradation in mixed culture, 
presumably due to the strong van der Waals forces between individual CNTs. There was 
also no visual evidence of MWCNT release, potentially due to the fact that all 
MWCNT/PHA nanocomposites were incubated under static conditions which minimized 
mechanical agitation (Figure 8.3). The lack of CNT release is also further confirmed by 
the remaining MWCNT/PHA nanocomposite mass corresponding to the initial CNT 




Figure 8.3. MWCNT/PHA nanocomposites in mixed culture remained intact after 20 
days of microbial exposure despite significant mass loss (> 95% PHA matrix mass loss). 
In order to characterize the change in CNT/PNC surface morphology as a function 
of CNT/PNC mass loss, 5% w/w MWCNT/PHA nanocomposite surfaces were analyzed 
with SEM after 1, 3, and 20 days of biodegradation (Figure 8.4). The SEM images 
indicate that with increasing incubation time and subsequent mass loss, the density of 
MWCNTs at the surface of 5% w/w MWCNT/PHA clearly increases. This is most 
evident at Days 3 and 20, where the MWCNTs clearly dominate the surface structure. 
The SEM images demonstrate that the polymer matrix is consumed by microorganisms 
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despite their increasing exposure to a high CNT concentration at the surface (Figure 8.4). 
Previous research has shown that the presence of CNTs at the surface of CNT/PNCs has 
led to cytotoxic effects on single cultures of microorganisms.54  In mixed culture, 
microorganisms are observed consistently across the surface at Day 3 despite the high 
density of CNTs present in visible patches (Figure 8.4) and biodegradation continues 
regardless of any cytotoxicity that might be present. The presence of microorganisms at 
Day 20 is less obvious while CNT accumulation dominates the MWCNT/PHA 
nanocomposite surface (Figure 8.4). Since biofilm formation is the precursor to 
biodegradation, the lack of biofilm after 20 days of biodegradation suggests that some of 





Figure 8.4. Mass loss and SEM characterization of 5% w/w MWCNT/PHA 
nanocomposites as a function of biodegradation time. 
MWCNT/PHA nanocomposites containing other MWCNT loadings were 
compared to 5% w/w at 20 days of biodegradation since all PNCs maintained their shape 
at a high mass loss (Figure 8.3). In Figure 8.5, SEM images of 0.5, 2, and 10% w/w 
MWNCT/PHA nanocomposite surfaces show that in all cases, CNT accumulation 
dominates the surfaces. Furthermore, the presence of biofilms is minimal after 20 days 
for all CNT loadings, consistent with the lack of biofilm observed on the 5% w/w after 20 
days of biodegradation. The surface structure of the 0.5 and 2% w/w also had a much 
rougher topography than the 5 and 10% w/w MWCNT/PHA nanocomposite. This is most 
likely a result of the lower overall density of CNTs in the 0.5 and 2% w/w 
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MWCNT/PHA nanocomposites which generates a more diffuse, less dense CNT mat 
after PHA removal (Figure 8.5).   
 
Figure 8.5. SEM images showing MWCNT accumulation at the surfaces of 0.5, 2, 5, and 
10% w/w MWCNT/PHA nanocomposites after 20 days of biodegradation. 
Thickness measurements of 5 and 10% w/w MWCNT/PHA nanocomposites were 
made to further quantify MWCNT/PHA biodegradation (Figure 8.6). SEM cross-sections 
of 5 and 10% w/w were imaged before and after biodegradation; an example image is 
shown in Figure 8.6a for a 5% w/w MWCNT/PHA nanocomposite. A thickness decrease 
of 76 and 71%, for 5 and 10% w/w MWCNT/PHA nanocomposites, was observed, 
respectively (Figure 8.6b). Similar to the mass loss measurements of 5 and 10% w/w 
MWCNT/PHA nanocomposites (87.8 and 83.2%, respectively), the thickness loss was 
greater for the 5% w/w than the 10% w/w. This can be attributed to the higher PHA and 
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lower CNT content in the 5% w/w CNT/PHA nanocomposite. The mass loss and 
thicknesses, however, do differ by > 10%.  
 
Figure 8.6. a) SEM images showing the cross-section of 5% w/w MWCNT/PHA 
nanocomposites before and after 20 days of biodegradation. b) The average of six 
replicate MWCNT/PHA nanocomposite thickness measurements per image were made 
using ImageJ software to show the decrease in thicknesses of 5 and 10% w/w 
MWCNT/PHA nanocomposites. The cartoon in c) illustrates the mass loss of PHA and 
the remaining CNT mat containing ethyl cellulose and biomass. 
This suggests that the remaining CNT mat has some expanded structure and is not 
completely collapsed (Figure 8.6c). This could be a result of the enzymatic degradation 
process, the CNT structure within the composite maintaining some voids, or the presence 
of ethyl cellulose, which is inert to biodegradation under a similar time frame and might 
act as a spacer between MWCNTs.55 Regardless of the mat thickness, CNTs, ethyl 
cellulose, and residual biomass are all that remains after 20 days of MWCNT/PHA 
nanocomposite exposure to mixed culture. This demonstrates that the presence of 
MWCNTs does not inhibit biodegradation and a persistent CNT mat will remain intact 
even when all of the polymer matrix is enzymatically removed. 
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8.4.2. Comparison of Aerobic Mixed Culture Biodegradation of MWCNT/PHA and 
MWCNT/PCL Nanocomposites 
 
Figure 8.7. A comparison of a) MWCNT/PCL and b) MWCNT/PHA nanocomposite 
mass loss under aerobic mixed culture conditions. Each data point represents the mass 
loss of at least three replicate samples. MWCNT/PHA nanocomposites were run in 
sacrifice mode for the entire length of the experiment while MWCNT/PCL 
nanocomposites were run in sacrifice mode until day 55; at this point the day 55 samples 
were further degraded with fresh primary effluent every two weeks in sampling mode. 
Figure 8.7 shows a comparison of MWCNT/PCL nanocomposite biodegradation 
(Figure 8.7a) and MWCNT/PHA nanocomposite biodegradation (Figure 8.7b) under 
aerobic mixed culture conditions. The results indicate that PHA degrades at a much faster 
rate than PCL. As a function of CNT loading, the plots show that biodegradation rates of 
PCL are inhibited by increasing mass fractions of CNTs, especially 5% w/w, while CNT 
fillers have no effect on the biodegradation rate of a PHA matrix (Figure 8.7). Therefore, 
a comparison of the mass loss plots (Figure 8.7) demonstrates that the low activation 
energy of PHA metabolism by microorganisms enables them to overcome the inhibitory 
effects of CNTs.15-28 In contrast, PCL metabolism is much slower, allowing the effect of 
CNTs on biodegradation to become apparent (Figure 8.7a). Other polymer types that are 
biodegradable, but require greater energy input to biodegrade than PCL, may be even 
more susceptible to the inhibitory effects of CNTs in aerobic mixed cultures. Therefore, 
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polymer type plays a significant role in determining how persistent a CNT filler can 
render a polymer. Despite the increased persistence of polymers containing CNTs, the 
results of this study show that CNT/PNCs can still eventually biodegrade in the 
environment when exposed to a mixed population of aerobic microorganisms.  
Analogously, biodegradation can occur in anaerobic environments such as 
landfills, deep water, and digester sludge tanks in wastewater treatment plants.55 The 
effect of CNT incorporation on polymer degradation in these systems has not yet been 
studied. This is considered important since the activation energy to biodegrade PCL and 
PHA might differ depending on the culture conditions, which can further confirm the role 
of polymer type on the sensitivity of microorganisms to CNTs during biodegradation and 
provide some generalization on the biodegradability of CNT/PNCs. For this reason, 
CNT/PCL and CNT/PHA nanocomposites were biodegraded under anaerobic conditions 
in the next section. 
8.4.3. Comparison of Anaerobic Mixed Culture Biodegradation of MWCNT/PHA and 
MWCNT/PHA Nanocomposites 
The total volumetric biogas production as well as the methane production were 
used to measure the anaerobic biodegradation rates of LO-MWCNT/PCL 
nanocomposites (Figure 8.8). All biogas measurements were made over the course of 395 
days for 0.1, 0.5, and 2% w/w LO-MWCNT/PCL nanocomposites with PCL used as a 
reference. In terms of total biogas volume production, 0.1 and 0.5% w/w LO-
MWCNT/PCL nanocomposites degraded at a similar rate to that of PCL. In contrast, 
biogas production for 2% w/w proceeded at a slower rate than PCL and the LO-




Figure 8.8. a) Biogas and b) methane production from the transformation of PCL and 
LO-MWCNT/PCL nanocomposites of varied CNT loading during anaerobic 
biodegradation. The theoretical a) biogas and b) methane production (dotted line) were 
calculated using the Buswell equation. Each data point represents the average gas volume 
production from three replicate samples. 
This suggests that LO-MWCNTs have an inhibitory effect on the biodegradation of PCL 
at a CNT loading higher than 2% w/w. This inhibitory effect can potentially result from 
CNT cytotoxicity, which has been observed under single culture conditions (Chapters 3 
and 4). It can also result from a high level of CNT accumulation at the 2% w/w LO-
MWCNT/PCL surface, leading to PCL entrapment within the CNTs and minimal access 
of the enzymes to the PCL substrate. Despite this inhibitory effect at 2% w/w, the LO-
MWCNT/PCL nanocomposites degraded to the same extent as the PCL control by 375 
days. The 0.1 and 0.5% w/w LO-MWCNT/PCL nanocomposites also reached the same 
level of CNT/PNC biodegradation after 255 days (Figure 8.8a). This result is similar to 
the results obtained under aerobic mixed culture conditions in that 2% w/w and 5% w/w 
MWCNTs had slower biodegradation rates relative to PCL and the MWCNT/PCL 
nanocomposites containing lower MWCNT loadings (Figure 8.7a). However, despite this 
similarity, the inhibitory effect of 2% w/w LO-MWCNTs was much more dramatic under 
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anaerobic conditions, with it taking 120 days longer to reach the same level of biogas 
production as PCL (Figure 8.8a). 
Methane production from PCL and the LO-MWCNT/PCL nanocomposites of 
each CNT loading was measured using GC headspace analysis (Figure 8.8b). Methane 
production was investigated since methanogens have been shown to be more sensitive 
than other anaerobic microbe types to contaminants such as heavy metals, ammonia, and 
hydrogen sulfide.41 To our knowledge, the exposure of CNTs to methanogens has not 
previously been studied. Similar to the total gas volume production rate, Figure 8.8b 
shows that the rate of methane production for 2% w/w LO-MWCNT/PCL 
nanocomposites is also inhibited relative to PCL. However, the CNTs do not appear to 
have a stronger inhibitory effect on the methane production than the total volumetric 
biogas production (Figure 8.8). If this were the case, lower CNT loadings would most 
likely have also experienced a decreased methane production rate relative to PCL and the 
inhibition of methane production rates for the 2% w/w LO-MWCNT/PCL 
nanocomposites would have been more dramatic than was observed for the total biogas 
production (Figure 8.8b). Overall, methanogens are similarly affected by the CNTs 
relative to the other anaerobic microorganisms present. 
The theoretical biogas yield of 100% PCL degradation was calculated using the 
Buswell equation for the PCL matrix.56 CNTs were not included as part of the 
biodegradable mass in the theoretical yield calculation since they are bio-persistent, with 
CNT biodegradation only ever observed in the presence of harsh acellular enzymes.57  
Equations 1-3 show the chemical reaction and stoichiometric yield calculations used to 
determine total theoretical biogas production as well as theoretical methane and CO2 
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production. 56 Methane and CO2 production can be distinguished within this theoretical 
yield calculation since CO2 contains oxygen while methane does not. The oxygen from 
CO2 can be stoichiometrically related to the oxygen within the atomic composition of the 
polymer because external oxygen is not present within the system under anaerobic 
conditions.56  
𝑪𝑪𝒄𝒄𝑯𝑯𝒉𝒉𝑶𝑶𝒐𝒐𝑵𝑵𝒏𝒏 + 𝒚𝒚𝑯𝑯𝟐𝟐𝑶𝑶 → 𝒌𝒌𝑪𝑪𝑯𝑯𝟒𝟒 + 𝒏𝒏𝑵𝑵𝑯𝑯𝟑𝟑 + (𝒄𝒄 − 𝒌𝒌)𝑪𝑪𝑶𝑶𝟐𝟐  (Equation 1) 
where: 
𝒌𝒌 = 𝟒𝟒𝒄𝒄+ 𝒉𝒉 − 𝟐𝟐𝒐𝒐 − 𝟑𝟑𝒏𝒏 − 𝟐𝟐𝟐𝟐 𝟖𝟖⁄  (Equation 2) 
𝒚𝒚 = (𝟒𝟒𝒄𝒄 − 𝒉𝒉 − 𝟐𝟐𝒐𝒐 + 𝟑𝟑𝒏𝒏 + 𝟑𝟑𝟐𝟐)/𝟒𝟒  (Equation 3) 
As demonstrated in Figure 8.8, the cumulative biogas yield (g/L) of PCL degradation in 
all LO-MWCNT/PCL nanocomposites is very similar to the theoretical yield (1.179 g/L). 
This indicates that despite the presence of CNTs, PCL fully transforms to biogas as a 
result of biodegradation under anaerobic conditions. Furthermore, the cumulative 
methane production measured by the end of the experiment was also representative of the 
theoretical methane yield (0.737 g/L). 
The full transformation of PCL to biogas by the end of the experiment was further 
confirmed by the absence of PCL in Figure 8.9 after 355 days. In contrast, the 2% w/w 
LO-MWNCT/PCL nanocomposites remained intact (Figure 8.9) despite full degradation 
of PCL matrix. The ability of the 2% w/w LO-MWCNT/PCL nanocomposite to retain its 
shape as a CNT mat rather than disperse CNTs into the sludge is most likely a result of 
the physicochemical properties of CNTs that can lead to CNT entanglement and strong 
CNT-CNT interactions such as pi-stacking. The implications of this result indicate that 
CNTs are likely to remain localized, unless mechanical agitation is applied. Further 
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investigation of the stability of these CNT mats produced from CNT/PNC biodegradation 
can provide insights into their mechanical properties and CNT release potential. 
 
Figure 8.9. LO-MWCNT/PCL nanocomposites of varied CNT loading before and after 
anaerobic biodegradation. 10-12 LO-MWCNT/PCL nanocomposites were initially added 
to each serum bottle. 
In addition to using PCL as the CNT/PNC matrix, PHA was also used in order to 
compare the sensitivity of anaerobic microorganisms to CNTs when blended into 
different polymer types. Under aerobic conditions, the inhibitory effect of CNTs on 
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polymer biodegradation was more apparent for PCL than PHA, presumably due to 
differences in polymer crystallinity and chemical structure (Figure 8.7). However, 
anaerobic microorganisms degrade substrates using different metabolic processes than 
aerobic microorganisms and as a result, may be affected by CNTs to a greater or lesser 
extent than under aerobic conditions.  
 
Figure 8.10. a) Biogas and b) methane production from the transformation of PHA and 
MWCNT/PHA nanocomposites of varied CNT loading during anaerobic biodegradation. 
The theoretical a) biogas and b) methane production were not calculated since the PHA 
structure is not well-defined by the manufacturer. Each data point represents the average 
of gas production from three replicate samples. 
Furthermore, the biodegradation rates of PHA and PCL under anaerobic conditions 
differed from that of aerobic biodegradation rates, providing insight into whether or not 
CNT inhibitory effects will be generalizable to a wide range of environments and 
polymer matrices. 
In Figure 8.10, biogas production by PHA in MWCNT/PHA nanocomposites 
containing CNT loadings of 0.1, 0.5, 2, 5, and 10% w/w are shown. In comparison to 
PHA, all MWCNT/PHA nanocomposites of CNT loadings at and below 5% w/w 
converted PHA to biogas at a similar rate. However, 10% w/w MWCNT/PHA 
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nanocomposites produced biogas at a slower rate than PCL and all other MWCNT/PHA 
nanocomposites. This suggests that the rate of biogas production is affected by the 
presence of a high CNT loading. This is in contrast to the aerobic mixed culture results, 
where an inhibitory effect was not evident at 10% w/w and the biodegradation rate was 
similar to that of PHA (Figure 8.7b). The difference between the biogas production rate 
under aerobic and anaerobic conditions at 10% w/w is most likely due to the slower rate 
of PHA biodegradation under anaerobic conditions. This indicates that PHA 
biodegradation rate can be affected by the presence of a high CNT loading when the 
kinetics of PHA biodegradation are reduced. This effect was only apparent at CNT 
loadings of 10% w/w (Figure 8.10). 
 
Figure 8.11. A comparison of a) LO-MWCNT/PCL and b) MWCNT/PHA 
nanocomposite mass loss at common CNT loadings under anaerobic mixed culture 
conditions. Each data point represents the mass loss of at least three replicate samples.  
In Figure 8.11, a comparison of CNT/PCL and CNT/PHA nanocomposite 
biodegradation under anaerobic conditions is shown for similar CNT loadings. The 
results indicate that anaerobes are much more sensitive to CNTs in PCL than in PHA. 
This is evident from the higher CNT loading required to generate an inhibitory effect for 
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PHA (10% w/w) relative to PCL (2% w/w) (compare Figures 8.10 and 8.8). The 
difference in anaerobe sensitivity to CNTs as a function of polymer type is similar to that 
observed for aerobic microorganisms. This suggests that the effect of CNTs on polymer 
biodegradation is fairly generalizable as a function of polymer type. The slower the rate 
of pure polymer biodegradation, the more apparent the inhibitory effect of CNTs 
becomes. For a polymer with a relatively slow biodegradation rate, such as PCL, the 
activation energy is already high and the addition of increasing CNT mass concentrations 
can further increase this activation energy to have a much more profound effect on the 
biodegradation rate. In contrast, the faster rate of PHA degradation indicates that the 
activation energy is lower. In this case, incrementally increasing this activation energy 
using a CNT filler does not substantially offset the rate. 
It is important to point out that the CNTs used in PCL are different than those 
used in PHA for anaerobic studies (LO-MWCNT versus pristine MWCNTs, 
respectively), but are qualitatively comparable since both types of CNT fillers are 
cytotoxic when embedded in CNT/PNCs and have been shown to have inhibitory effects 
on PCL biodegradation under both single culture and mixed culture conditions.5, 55 A 
direct comparison of CNT type in PCL and PHA is ongoing at the time of this thesis 
submission (~1 year study). 
An evaluation of the cytotoxic effects of both CNT types (LO-MWCNTs and 
MWCNTs) on anaerobes was conducted by adding CNT powder (8 mg) to serum bottles 
containing activated sludge. Activated sludge differs from the digested sludge used in the 
CNT/PNC biogas studies since it contains a carbon source that the anaerobes use to 
produce gas. In contrast, the polymer matrix was designed to be the sole carbon source in 
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the digested sludge used for CNT/PNC biogas studies. For the CNT powder experiment, 
the assay involves biodegradation of the organic matter in the digested sludge and 
monitoring the inhibition of biogas production as a result of the added contaminant (i.e. 
CNTs). Both LO-MWCNT and MWCNT powders were analyzed relative to a sludge 
control, as shown in Figure 8.12.  
 
Figure 8.12. Biogas production from the biodegradation of organic matter in activated 
sludge containing 8 mg of MWCNT and LO-MWCNT powder. The biogas production of 
activated sludge in the absence of CNTs was used as a control. 
For both CNT types, no suppression of biogas volume rate was observed (Figure 8.12). 
This is most likely a result of CNT aggregation in the media and the requirement that 
CNTs be in direct contact or very close proximity to microorganisms for a cytotoxic 
effect to occur (Chapters 3 and 4). In fact, CNT mass concentrations of  > 50 mg/L have 
been required for cytotoxic effects to take place on planktonic cells such as Salmonella 
under single culture conditions.58 In contrast, CNTs that are uniformly distributed at the 
surface of a CNT/PNC have had antimicrobial effects at surface concentrations ranging 
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from 0.1 – 10% w/w.5 Nonetheless, the cytotoxicity observed was only for 
microorganisms in contact or close proximity to the CNTs, indicating that CNTs are 
unlikely to suppress biogas formation of the organic matter from the surrounding 
activated sludge, especially once CNTs have been coated by organic matter.5 This is in 
contrast to the microorganisms that have to make contact or come in close proximity to 
the CNTs to access the polymer substrate in a CNT/PNC biogas experiment. 
8.4.4. The Effect of Polymer Type on Mixed Culture Biodegradation  
In conclusion, the results of this study show that polymer type plays an important 
role during the biodegradation of CNT/PNCs. With the inoculum used, full PCL 
biodegradation took longer than a year under anaerobic conditions and around 2 months 
under aerobic conditions. For PHA, full biodegradation took approximately 20 days 
under anaerobic conditions and less than 10 days under aerobic conditions. Under both 
conditions, PHA was more rapidly degradable than PCL. 
 The results of this study imply that CNTs suppress the rate of CNT/PNC mass 
loss and conversion of polymer to CO2 and CH4 when the rate of polymer degradation is 
slow. In contrast, when the rate of polymer biodegradation is fast, the effect of the CNTs 
can be overcome, even at CNT loadings as high as 10% w/w. In many cases, the rate of 
polymer biodegradation will vary between environmental conditions as was observed 
between aerobic and anaerobic mixed cultures. Under conditions where the rate is 
reduced, the inhibitory effect of the CNTs becomes more apparent. Despite CNT 
inhibition under some conditions and with some polymer types, full polymer matrix 
biodegradation can still occur in the presence of a CNT filler as shown in all aspects of 
this study. In general, this suggests that CNT/PNCs will become more persistent with an 
added CNT filler, but will ultimately biodegrade over time.  
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The generation of an intact CNT mat indicates that the distribution of CNTs 
throughout the environment will be minimal, but should be investigated further, 
especially in terms of mechanical agitation. In terms of adding CNTs to polymers with 
poor properties that are also biodegradable, this strategy is probably not an ideal direction 
for production since the polymer matrix containing a CNT filler can still be degraded on 
the order of days to years. This can limit the use of CNT/PNCs prepared with 
biodegradable polymers in tissue scaffolding applications or consumer products. 
However, there may be some niche applications where CNT accumulation at the surface 
of CNT/PNCs after biodegradation could be advantageous, such as in biosensors or 
membranes to increase flux and contaminant adsorption over time.  
8.5. Appendix 8 Summary 
Replicate SEM images of PHA, 5, and 10% w/w MWCNT/PHA nanocomposites 
before biodegradation (Figures A8.1-A8.3) and replicate SEM images of 5% w/w 
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A3.1. Spray Coating 
As shown in Figure A3.1, CNT/PVOH casting solutions were prepared and spray-
coated on glass slides to generate well-dispersed O-CNT/PVOH nanocomposites. 
Although not necessarily representative of nanocomposite surfaces in commercial use, 
spray-coating can be considered useful for preparing well-defined CNT/PNC surfaces. 
A3.2. SEM 
To prepare samples specifically for SEM imaging, O-MWCNT and O-
SWCNT/PVOH nanocomposites were spray-coated onto 1 cm2-sized glass pieces and 
sputter-coated with platinum (Quorum Technologies Polaron SC7640 Auto/Manual High 
Resolution Sputter Coater, 12 mA/800V plasma current, and ~5 min at 0.5 nm/min) to 
prevent charging. Samples were imaged using a cold-cathode field emission scanning 
electron microscope (JEOL 6700F, 10 keV, 7.0 nm working distance, LEI & SEI detectors) 
with a 1.0 nm resolution at 15 keV equipped with an energy dispersive X-ray analyzer 
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(EDAX Genesis 4000 X-ray analysis system, detector resolution of 129 eV). Replicate 
images can be found in Figure A3.2a-i. Samples were imaged at 30,000x magnification in 
triplicate locations and at a lower magnification of 15,000x; imaged areas were chosen at 
random to ensure that a uniform CNT dispersion had been obtained across the 
nanocomposite surface. O-MWCNT/PVOH nanocomposites were also imaged on 
duplicate glass pieces sprayed at different times to confirm batch-to-batch consistency 
(Figure A3.2a-i). Additional SEM images were acquired with another microscope as part 
of the dissolution control studies and to image microbes fixed on nanocomposite surfaces 
as outlined later in the SI. 
A3.3. SEM Broadening 
For O-MWCNTs, the diameter of individual CNTs appeared to be on the order of 
15-35 nm, which is fairly consistent with the manufacturer’s specifications of 15 ± 5 nm 
plus a sputtered coating of 5-15 nm platinum nanoparticles used to improve sample 
conductivity. This was also the case for O-SWCNT/PVOH nanocomposites where the 
CNT diameters appeared to be 10-25 nm due to the platinum coating rather than the 
reported CNT diameter of 1-2 nm. The more significant broadening of the O-SWCNT 
diameters relative to the O-MWCNT diameters in the SEM images appeared to be a result 
of the platinum nanoparticles being raised only slightly above the background by the O-
SWCNTs, causing O-SWCNTs to appear wider than expected. In contrast, the platinum 
nanoparticles appeared to curve around the O-MWCNTs, causing diameter broadening to 
a lesser degree. Although O-SWCNT bundling was possible, all O-SWCNTs exhibited the 
same diameter and were well-dispersed in the SEM images, suggesting that they were 




Samples composed of pure PVOH (0% w/w), O-MWCNTs (100% w/w), and O-
MWCNT/PVOH nanocomposites with O-MWCNT loadings of 5, 10, 25, 50, 60, and 80% 
w/w were prepared on 1 cm2 glass slide pieces and analyzed.  Samples composed of pure 
O-SWCNTs (100% w/w), and O-SWCNT/PVOH nanocomposites with O-SWCNT 
loadings of 5 and 10% w/w were also prepared and analyzed (Figure A3.3). All %CNT 
values reported are representative of an average ± one standard deviation from the three 
unique measurements acquired on different areas of the same CNT/PNC surface.  The 
exception was the pure O-MWCNT sample which represents the average of two 
measurements.  
Samples were mounted onto a sample bar capable of handling multiple samples at 
one time and were subsequently pumped down in an attached load-lock chamber prior to 
introduction to the main UHV chamber.  The sample bar was then transferred to a stage 
capable of X, Y, Z, and rotational automated movement for analysis. Spectra were acquired 
under ultra-high vacuum conditions (Pbase<10-9 torr) on an Axis Ultra DLD Imaging 
Spectrophotometer from Kratos Analytical, LTD (Chestnut Ridge, NY).  Spectra were 
collected for each sample on three different areas of the surface with care taken to minimize 
overlap of the points of analysis. Monochromatic Al Kα X-rays (150 W) were used to 
achieve photo-emission and all O-MWCNT/PVOH nanocomposite samples were analyzed 
without the charge neutralizer active. However, due to the insulating properties of PVOH, 
the spectra for these samples were collected with the charge neutralizer on. At each point, 
the spot size was controlled with a hybrid lens and slot aperture (475 x 1050 µm2) to 
maximize the photoelectron count.  The C(1s) spectra were analyzed using a hemispherical 
analyzer at a pass energy of 10 eV at 0.1 eV/step and a dwell time of 1200 s/step.  Due to 
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the variability in conductivity of the O-MWCNT/PVOH nanocomposites, most C (1s) 
spectra were collected in large energy windows (44-48 eV spectral window for O-MWCNT 
samples compared to the typical 23 eV spectral window for the PVOH control) to ensure 
all photoelectron intensity was captured. 
Analysis of collected spectra was performed using CasaXPS (Teignmouth, UK).  
Each C(1s) envelope was fit with a Tougaard background and energy adjusted to the clearly 
distinguishable O-MWCNT feature taken from the pure O-MWCNT C(1s) spectrum 
centered at 284.5 eV which is typically associated with CNTs (see Figure 3.2).1, 2 O-
SWCNT/PVOH samples were not fitted with components as the CNT feature was not 
distinguishable from the PVOH peaks (Figure A3.3).  
For pure polyvinyl alcohol, as expected, the C(1s) region showed two peaks of 
equal intensity separated by 1.4 eV (consistent with (1.6 ± 0.2) eV from Briggs et al.) 
attributed to the CH2 and CH(OH) moieties of the polymer (Fig 2a).3 The C(1s) spectrum 
of each sample was fitted with 4 components:  the O-MWCNT feature from the pure O-
MWCNT sample, CH2 and CH(OH) components of equal value to represent the PVOH 
present at the surface, and an extra CH2 component to represent any surface bound 
hydrocarbon contamination. The pure PVOH spectrum was then energy adjusted using the 
average fitted CH2 peak location from the O-MWCNT sample with the lowest O-MWCNT 
concentration (5% w/w) and fitted using the same components. Based on the component 
analysis, each C(1s) spectrum could therefore be used to determine the %CNT using the 
equation: 
%CNT= [CNT Component Area/C(1s) Area] *100 (Equation 1) 
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The slight deviations in the proportionality fit at low CNT loadings are likely due to the 
difficulty in obtaining quantitative XPS analysis when one component is present at low 
concentrations and/or due to a slight degree of CNT enhancement at the surface. XPS (PHI 
5600, Pbase<10-9 torr, Mg Kα X-rays (300 W), 187.85 eV pass energy, 0.200 eV/step, 50 
ms dwell time, 0.8 x 2 mm area) was also used to estimate the nanocomposite thicknesses 
at 0% w/w (PVOH) and 10% w/w to obtain an average thickness for the nanocomposites 
studied (0 – 10% w/w). Since the underlying nanocomposite substrate was glass, we 
measured the attenuation of the silicon (2p) peak area relative to the silicon (2p) peak area 
of pure glass. From the equation, 𝑑𝑑 = 𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜃𝜃 ln �𝐼𝐼0
𝐼𝐼
�,4 where λ is the inelastic mean free 
path of the silicon (2p) photoelectron from the literature (2.7 nm),5 θ is the take-off angle 
(54.7°), (I/I0) is the fractional decrease in the Si(2p) signal after the CNT/PNC coating was 
sprayed, and d is the depth of the CNT/PNC overlayer, we estimate that the average coating 
thickness is 8 nm for all nanocomposites studied (0 – 10% w/w). Since this analysis was 
carried out in triplicate on different areas of the sample, it is clear from both XPS and visual 
observation that the nanocomposite fully coated the glass slides. 
A3.5. SEM- Dissolution Controls 
In the polymer dissolution control experiments and the microbial fixation 
procedure, samples were imaged on a lower resolution SEM (3.0 nm resolution at 10 keV) 
at around 12,000x magnification (FEI Quanta 200 Environmental SEM, 2.5 keV, 9.5 mm 
working distance, high vacuum mode, Everhart-Thornley detector) to obtain a large 
number of low magnification images; this was possible with a relatively high concentration 
of CNTs at the surface of a CNT/PNC (> 5% w/w) despite the low resolution of the FEI 
Quanta 200 relative to the JEOL 6700F SEM. Prior to imaging, samples were sputter-
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coated with platinum (Hummer Sputtering System, Anatech USA, 15 mA plasma current, 
for 2 min at ~2 nm/min). 
5% w/w O-MWCNT/PVOH was chosen to represent the varied CNT/PVOH 
nanocomposite loadings since changes caused by dissolution at a higher CNT loading 
would be most obvious with a greater number of CNTs observable at the surface prior to 
water immersion (Figure A3.4). In addition, a 10% w/w O-MWCNT/PVOH 
nanocomposite was chosen for 1 and 6 h dissolution control studies since 6 h was the 
timescale chosen for longer term biofilm studies (Figure A3.5). 
In these dissolution control studies, pure PVOH, 5% and 10% w/w O-
MWCNT/PVOH nanocomposites were spray-coated onto 1 cm2 glass slide pieces 
following the same procedure outlined in the O-CNT/PVOH nanocomposite preparation 
section. One set of nanocomposite samples (0, 5, and 10% w/w O-MWCNT/PVOH) were 
placed directly into a dessicator (dry controls) while an identical set was submerged in 
autoclaved water (dissolution controls) for 1 and/or 6 h. Dissolution control samples were 
then dried in a dessicator overnight prior to SEM imaging. Multiple large-area images were 
taken (>25 x 25 µm) under high vacuum mode (Pbase< 7.5x10-5 torr) to compare the surface 
structure of nanocomposites that had been immersed (dissolution controls) to those which 
had not (dry controls).  
A3.6. Microbial Stocks 
Pseudomonas aeruginosa (ATC 27853) was originally obtained as a slant culture 
from the Medical Microbiology Department at the Johns Hopkins School of Medicine. 
Cells from the slant culture were streaked onto an LB agar plate and grown overnight at 
37˚C. A colony was then selected, aseptically added to LB broth and grown at 225 rpm and 
37˚C to an optical density (O.D.) within the exponential phase (0.6 - 0.8 O.D. at 540 nm). 
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To prepare frozen stocks, the cell suspension was distributed into sterile Eppendorf tubes 
with a final glycerol concentration of 15% v/v and stored at -80˚C. The growth curve of P. 
aeruginosa in LB broth used in the experiments is shown in Figure A3.7 (between 0.6 and 
0.8 O.D. at 540 nm). For all growth curves, the exponential growth portion was fit to a first 
order model to obtain an estimate of k (the specific growth rate) and the R2 values for the 
fit in order to compare P. aeruginosa growth under different conditions. The specific 
growth rate of Pseudomonas aeruginosa in LB broth at 37˚C was calculated to be 2.74 x 
10-2 min-1 (R2=0.99) at 540 nm (2.87 x 10-2 min-1 at 600 nm, R2=0.99). 
A3.7. Basal Mineral Media (BMM) Composition 
BMM contained the following: 7.18 mM K2HPO4, 2.79 mM KH2PO4, 0.757 mM 
(NH4)2SO4, 0.0406 mM MgSO4*7H2O, 0.5 v/v% Trace Elements Solution: 3.75 mM 
H3BO3, 0.0605 mM ZnSO4*7H2O, 0.0296 mM FeSO4(NH4)2SO4*6H2O, 0.034 µM 
CoSO4*7H2O, 26 µM (NH4)6Mo3O24*4H2O, 32 µM CuSO4*5H2O, and 36 µM 
MnSO4*4H2O. 
A3.8. Microbial Growth 
Each experiment involved growing a culture of P. aeruginosa from the thawed 
frozen stock in LB broth at 37˚C and 225 rpm and harvesting the cells in the exponential 
phase (between 0.6 and 0.8 O.D. at 540 nm, Figure A3.6). The LB broth culture was then 
diluted 1:1,000 in 100 mL of BMM containing acetate as the carbon source (24 mM sodium 
acetate); the large dilution was used to minimize the addition of extracellular polymeric 
substances (EPS) and LB broth. Additionally, cells were harvested at the exponential phase 
in LB broth to maximize the fraction of living planktonic cells added to BMM since more 
significant die-off occurred when the culture reached the stationary phase. The P. 
aeruginosa culture in BMM was grown overnight at 25˚C and shaking at 225 rpm to the 
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exponential phase which is shown in the BMM growth curve in Figure A3.8, (0.04-0.06 
O.D. at 540 nm) for addition to the CNT/PVOH samples. The exponential phase was 
chosen again to maximize the fraction of living planktonic cells in the BMM inoculum 
used during CNT/PVOH slide immersion. The specific growth rate of Pseudomonas 
aeruginosa in BMM at 25˚C was calculated to be 9.9 x 10-3 min-1 at 540 nm (average of 
duplicate cultures, R2=0.98).  
A3.9. BMM Growth Curve, With and Without 90 ppb CNTs 
CNT release was also assessed using single-particle ICP-MS, with yttrium 
nanoparticles used as a proxy for CNT concentration. 
A growth curve of P. aeruginosa in BMM was carried out with 200 µL of 
exponential phase LB broth (0.6-0.8 O.D. at 540 nm) diluted into 100 mL of BMM. This 
dilution was less than that used in the microbe-CNT interaction experiments, but served 
the purpose of determining the exponential phase of P. aeruginosa (Figure A3.8).  
Growth curves were also measured in the presence of 90 ppb O-MWCNTs and 90 
ppb O-SWCNTs, separately. This CNT concentration was determined to be the upper limit 
of CNT release that could occur based on ICP-MS experiments outlined later in the SI. No 
inhibitory effect on microbial growth was observed in the presence of 90 ppb CNTs. The 
specific growth rates in BMM at 25 °C were 6.7 x 10-3 min-1 (R2=0.98) and 9.0 x 10-3 min-
1 (R2=0.95) at 540 nm for O-MWCNTs and O-SWCNTs, respectively. These specific rate 
constants were very close to 9.9 x 10-3 min-1 (R2=0.99) for the BMM culture without CNTs, 
further indicating that there was no CNT effect on the P. aeruginosa culture. All growth 
curves, with and without CNTs, were carried out in duplicate and the specific growth rates 
were calculated from the average of the duplicates (Figure A3.8). 
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A3.10.  LIVE/DEAD Staining Procedure 
A LIVE/DEAD biofilm viability kit, purchased from Invitrogen, included two 
separate stock solutions: (1) 3.34 M SYTO 9 in dimethylsulfoxide (DMSO) to stain living 
cells, and (2) 20 mM propidium iodide (PI) in DMSO to stain dead cells that were stored 
at -20˚C. The green fluorescent stain, SYTO 9, can permeate through the membranes of 
both living and dead cells while the red fluorescent stain, PI, can permeate through the 
membranes of only dead cells. When they enter a cell, both stains fluoresce as a result of 
their interactions with DNA. Since only SYTO 9 can enter living cells, these cells fluoresce 
green during imaging. In contrast, since both PI and SYTO 9 can enter dead cells when 
used in conjunction, the fluorescence of SYTO 9 is reduced by the presence of PI and as a 
result, the dead cells appear red during fluorescence imaging.6 
To stain the P. aeruginosa adhered to the nanocomposite slides, an aqueous stock 
solution containing both SYTO 9 and PI was prepared in a conical tube by adding 3 µL of 
SYTO 9 stock (1) and 3 µL of PI stock (2) for every 1 mL of autoclaved Milli-Q water. 
This stock solution was then shaken and wrapped in aluminum foil to minimize its 
exposure to light due to the photosensitivity of both stains.6  
Following P. aeruginosa inoculation (described in the experimental section) and 
washing in depleted media, slides were transferred to sterile petri dishes where the stock 
solution was gently added to the surface of the wet nanocomposites. Enough stock solution 
(0.5 mL) was prepared so that each slide could be completely covered. To keep the 
nanocomposite surfaces wet at all times and thereby prevent changes in cell death upon 
drying, staining was carried out in a staggered fashion; one slide was transferred to a petri 
dish, 0.5 mL of the stain solution was aseptically added to the slide, and then the next slide 
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was transferred to repeat the process. Each slide was stained for 20 min and protected from 
light by covering the petri dishes with aluminum foil.6 
After staining, each nanocomposite slide was removed from its petri dish and 
placed gently into depleted media (DM, basal mineral media with no acetate food source) 
for 30 s to remove excess stain and then transferred to a second DM dish for temporary 
storage until imaging. To ensure that all samples were exposed to the LIVE/DEAD stains 
for equal amounts of time, the order in which the slides were rinsed and stored was the 
same as the order in which they were stained. At this stage, nanocomposite slides were 
transported in DM to the Johns Hopkins Integrated Imaging Center (IIC) and analyzed. 
The following procedures were carried out to obtain consistent and reliable staining 
information: 
1) Each time microbes on CNT/PNCs were imaged, living and dead controls were 
included to ensure that the laser gains were set appropriately on the CLSM. The 
living control was generated by performing LIVE/DEAD staining on P. aeruginosa 
which had been in contact with a pure PVOH surface for 1 or 6 h. A PVOH living 
control exposed to P. aeruginosa for 6 h is shown in Figure A3.9, which was run 
concurrently with the 6 h-exposed, 10% w/w O-MWCNT/PVOH sample shown in 
Figure 3.3 of the main text. The same procedure was used for the dead control but 
the cells were first immersed in 70% v/v ethanol for 5 min prior to staining to cause 
intentional cell death (Figure A3.10). 
2) Three nanocomposites of a particular CNT loading (at least two of which were 
spray-coated on separate occasions) were run at different times with three 
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separately grown cultures to ensure cell attachment consistency and multiple areas 
(225 x 225) µm were imaged for each run (Figure A3.6).  
3) Polymer and nanocomposite surfaces were always kept wet to prevent artificial cell 
death. This is because drying can potentially increase membrane permeability and 
lead to increased PI uptake and/or loss of uptaken SYTO 9, as over-counting of red 
fluorescent cells was observed in trial experiments where samples were dried out.6  
Thus, samples were kept wet at all times by running no more than four to five 
nanocomposite slides at a time and staggering the staining process. Imaging of the 
wet slides was also performed using a 40x water immersion objective without a 
cover slip to prevent drying or pressure gradients.  
4) The frozen stock solutions of each fluorescent stain had to be fully thawed before 
use or stain concentrations varied. This possibly occurred as a result of the stains 
thawing at different rates than the solvent (DMSO). 
5) The stock solution containing the stains that was added directly to the samples was 
prepared in autoclaved water to minimize reaction with phosphates in media. 
Phosphates are known to interact with the stains over time, reducing the 
concentration of SYTO 9 and PI.  
6) The underlying glass slides were frosted on one end, which is where they were 
picked up with forceps. This part of the slide was selected because it could easily 
be distinguished from the rest of the slide. The stain was added carefully at the 
frosted end. Imaging was never performed on the frosted end where the stain was 
added to prevent disruption of attached cells. 
288 
 
7) Stained slides were rinsed and stored in DM. This helped to remove excess stains 
and prevent drying prior to imaging. DM was used instead of autoclaved Milli-Q 
water to prevent an increase in membrane permeability that could lead to a 
corresponding increase in the number of dead cells due to a loss of ionic strength. 
The use of DM in place of BMM also helped to minimize further cell division on 
nanocomposite surfaces prior to imaging by minimizing the presence of an acetate 
food source. 
A3.11. Confocal Laser Scanning Microscope (CLSM) 
Using the eye piece, the objective was manually brought into focus on the sample 
for a minimal amount of time to limit light exposure from the mercury vapor short-arc lamp 
(HBO 100 Microscope Illuminator, HBO 103W/2 bulb 100W, 23V) equipped with a 488 
nm FITC filter or a 543 nm red filter. Following the initial focus, the objective was moved 
to another area on the slide where light exposure had not occurred and the sample thickness 
was manually set using the fine focus and the image read-out from the scanning lasers. The 
lasers used were a 488 nm Argon laser (30 mW at 5% output) to excite the green 
fluorescence of the SYTO 9 stain and a 543 nm HeNe laser (1.2 mW) to excite the red 
fluorescence of the PI stain. A composite green- and red-fluorescent image with a 225 x 
225 µm area was subsequently collected. Several images were taken on different areas of 
each nanocomposite surface. Image analysis software was used to count the living and dead 
cells at each CNT loading.  
A3.12.  LIVE/DEAD Cell Counting using Image Analysis Software 
Confocal images of LIVE/DEAD stained P. aeruginosa on O-CNT/PVOH 
nanocomposites were analyzed to determine the percentage of living microbes based on 
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the red and green stains. CLSM files generated during image capture were opened in 
ImageJ (NIH, Bethesda, MD), converted into a composite image (Color: Channel Tools), 
converted to RGB, and saved as an image sequence. 
The most focused image plane of the image sequence was then opened in MATLAB 
R2011b (The MathWorks Inc., Natick, MA) and particle-counting and live/dead 
thresholding code was run (written by Alice Sanchez, Integrated Imaging Center, JHU). 
The code works by particle-counting, finding the average pixel area and standard deviation 
of counted cells, and breaking up aggregates and larger “particles” into one or more cells 
if their size exceeds one standard deviation of the average pixel area. For a counted cell, 
the sum of the green intensity of each pixel in the cell area to the sum of the red intensity 
of each pixel in the cell area was ratioed. Cells were counted as alive if the ratio was greater 
than one and dead if the ratio was less than one. 
A3.13. Background Fluorescence Controls 
 Pure PVOH, 10% w/w O-MWCNT/PVOH, and 10% O-SWCNT/PVOH samples 
were stained without bacteria and imaged using CLSM to determine if there were any 
fluorescence contributions from polymer and/or CNT-stain interactions. The image plane 
was located using either the bright field objective (for PVOH) or by finding a piece of dust 
or contaminant that weakly fluoresced on the O-CNT/PVOH nanocomposites (bright field 
imaging is not possible with opaque nanocomposite slides). These images clearly showed 
no background fluorescence (Figure A3.11). 
A3.14.  Cell Attachment Controls 
 To confirm that the majority of cells stained came from the 1 h microbial exposure 
process and not from cell attachment during transfer through the air-liquid interface, 
PVOH, 10% w/w O-MWCNT/PVOH, and 10% w/w O-SWCNT/PVOH samples were 
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fully immersed into and then immediately (< 5 s) removed from the inoculum and stained. 
These control studies showed that minimal cell attachment (1-5 cells) occurred relative to 
the >1500 cells attached after one immersion in the inoculum (Figure A3.12).  
A3.15.  Fluorescence Photobleaching and Quenching Controls 
To ensure the integrity of the LIVE/DEAD fluorophores was maintained during the 
time frame of image acquisition, controls were prepared with the highest CNT loading 
nanocomposites as well as pure PVOH. A pure PVOH, a 10% w/w O-MWCNT/PVOH 
and a 10% w/w O-SWCNT/PVOH nanocomposite were inoculated for 1 h and stained 
according to the procedure outlined in the LIVE/DEAD staining section. Each sample was 
imaged with CLSM and then re-imaged in the same location after 5 min. The same 
procedure was followed with staining solutions containing only SYTO 9 and only PI to 
assess the effect of using 488 nm and 543 nm laser excitations on each of the fluorophores 
separately (Figures A3.13-A3.15). Results from these studies indicate that loss of 
fluorescence intensity from each fluorophore, together and separately, did not occur within 
the timeframe of this study. Thus, any issues or experimental artifacts that could occur as 
a result of photobleaching, decomposition of a fluorophore by light, or fluorescence 
quenching caused by energy or electron transfer to CNTs did not influence the results 
presented in this investigation. 
A3.16.  EPS Staining 
PVOH, 10% w/w O-MWCNT/PVOH and 10% w/w O-SWCNT/PVOH samples 
were exposed to P. aeruginosa for 1 h. The FilmTracer SYPRO Ruby Red Biofilm 
Viability Kit (Invitrogen, Life Technologies) was then used to stain the EPS with the same 
washing procedures used for the LIVE/DEAD  stains and in accordance with the SYPRO 
Ruby Red Biofilm Matrix Stain manual.7 Minimal EPS was observed on all sample 
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surfaces (Figure A3.16). Background fluorescent controls were also run for this stain 
(Figure A3.17). The SYPRO stain was excited in CLSM with the Argon laser (excitation 
around 450 nm) and fluoresced at 610 nm. 
A3.17.  SEM Imaging of Fixed P. aeruginosa on O-CNT/PVOH Nanocomposites 
Pure PVOH and 10% w/w O-MWCNT/PVOH nanocomposites were spray-coated 
onto thin, circular, 1-cm diameter glass cover slips and inoculated for 1 h with P. 
aeruginosa. Samples were stored in DM and then fixed to preserve cell membrane structure 
during dehydration and to help dissipate charge at the cell membrane surface during SEM 
imaging. Fixation of the microbes was carried out using 3.0% v/v formaldehyde and 1.5% 
v/v glutaraldehyde in 0.1 M sodium cacodylate solution containing 5 M CaCl2 and 2.5% 
v/v sucrose at pH 7.4 and room temperature for 1 h. The samples were washed three times 
for 15 min each in 0.1 M sodium cacodylate containing 2.5% v/v sucrose at pH 7.4. 
Samples were then post-fixed with 10 mL of Palade’s OsO4 solution (1% v/v OsO4, 0.1 M 
sodium cacodylate containing 2.5% v/v sucrose at pH 7.4) for 30 min at room temperature 
to preserve lipid and polysaccharide structure. Each sample was rinsed for 30 s in deionized 
water and then rinsed for 30 s in cold (4˚C), 50% v/v ethanol. At this time, samples were 
gradually dehydrated with a graded series of cold (4˚C) ethanol (70, 95, and 100% v/v) 
followed by three 15 min washes in 100% ethanol.8 This removed all water within the cells 
while maintaining their membrane structure so that they could be imaged under high 
vacuum mode (Pbase< 7.5x10-5 torr). 
Ethanol was then removed from the samples by exchange with CO2 in a CO2 critical 
point drier (Samdri®-795, Tousimis Research Corporation, Rockville, MD 20852). At this 
stage, the samples were sputter-coated with platinum (Hummer Sputtering System, 
Anatech USA, 15 mA plasma current, for 2 min at 2 nm/min) to prevent charging and then 
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imaged at 6,500x and 2.5 eV using the FEI Quanta 200 Environmental; in some cases 
microorganisms were artificially cropped and then moved around on an SEM image to 
assess the relative size of the microorganisms to the CNTs (Figures A3.18, A3.19, A3.20, 
and A3.22). The dimensional relationship of the SEM images to the CLSM images is also 
shown in Figures A3.18 and A3.19 with “live on top of dead” structures circled in the 
CLSM images. The SEM images of the fixed microbes, without alteration, are shown in 
Figure A3.20. 
A3.18. Antimicrobial Trends of O-MWCNTs versus O-SWCNTs in PVOH 
Two-parameter exponential decay profiles were fit to the % living cells as a 
function of CNT loading for both O-MWCNT and O-SWCNT/PVOH nanocomposites 
(Figure A3.21). From comparison of the b parameters (0.37 vs. 1.14), it can be roughly 
estimated that the O-SWCNT nanocomposites are roughly three times more cytotoxic than 
O-MWCNT nanocomposites at a given CNT loading due to a number density effect. A 
graphic depicting the difference in CNT number density and available CNT-microbe 
contact area is shown for O-MWCNTs and O-SWCNTs at the same CNT loading (1% 
w/w) in Figure A3.22. 
A3.19. Metal Ion Release Studies 
The residual metal content (from CNT synthesis) of each CNT type used is shown 
in Table A3.1. This metal content was determined via energy dispersive X-ray analysis 
(EDS, EDAX Genesis 4000 X-ray analysis system, detector resolution of 129 eV). 
Metal ion release controls for 10% w/w O-MWCNT and O-SWCNT/PVOH 
nanocomposites were run to determine the concentration of yttrium that leached from the 
surfaces over the course of the experiment. Samples were placed in sterilized Milli-Q water 
for 1 h in duplicate according to the procedure outlined in the microbial growth section. 
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Each supernatant was collected in a polypropylene tube and filtered with a 0.02 µm glass 
fiber membrane to remove any released CNTs prior to analysis for detection of only metal 
ions. Dissolved yttrium was detected with ICP-MS (Perkin Elmer NexION 300q with S10 
autosampler) to determine if it had an effect on cytotoxicity. Dissolved Y calibration 
standards were prepared using Claritas PPT (SPEX Certiprep) ICP-MS standard grade 
stock solutions. A calibration curve (sum of counts) of dissolved Y standards was 
generated; the data was collected with a 0.1 ms dwell time, 0.975 mL/min flow rate, and a 
3% transport efficiency. For the metal release control supernatants, data was collected with 
a 0.1 ms dwell time, 0.300 mL/min flow rate, with a 9.5% transport efficiency in duplicate 
(A&B) and the yttrium concentration was calculated from the dissolved yttrium calibration 
curve (Figure A3.23).  
ICP-MS in single particle mode was also used (sp-ICPMS) to indirectly detect O-
SWCNTs by using yttrium nanoparticles as a proxy for released CNTs from 
nanocomposites during 1 h of aqueous submersion. Released CNT concentrations were 
obtained from the pre-filtered supernatants on the same samples described in the previous 
paragraph, in duplicate. The CNT concentrations from release were calculated from a 
calibration curve of yttrium particle number as a function of O-SWCNT mass 
concentration prepared with controlled loadings of O-SWCNTs in suspension. The CNT 
concentration was estimated to be 90 ppb or less. A growth curve in BMM containing 90 
ppb of O-SWCNTs and another containing 90 ppb O-MWCNTs were carried out, as 
described earlier in the SI, to ensure that cell death was not occurring more readily in CNT-
containing solutions at a 90 ppb CNT concentration relative to CNT-free solutions. The 
growth curve was unaffected, indicating that the low concentration of released CNTs had 
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little effect on the microbes in the exponential phase, the point at which the cells were 
attaching to the nanocomposite surfaces (Figure A3.8). 
A3.20.  LIVE/DEAD Staining of P. aeruginosa Exposed to a Hydrophobic Surface 
for 1 h 
A hydrophobic polymer, poly-ɛ-caprolactone (PCL), was dissolved at 2 mg/mL in 
chloroform and spray-coated onto octadecyltrichlorosilane-modified glass slides at 60 °C. 
It was then exposed to P. aeruginosa for 1 h and stained according to the experimental 
protocol used for O-CNT/PVOH nanocomposites. Relative to any of the O-CNT/PVOH 
nanocomposites used in the study, PCL samples could dry-out rather quickly so were kept 
wet using VectaShield mounting media. This hydrophobic PCL surface appeared to be 
benign to P. aeruginosa, indicating that hydrophobicity is not leading to cell death in this 
study (Figure A3.24). 
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Figure A3.2. SEM images of 0, 0.1, 1, 5, and 10% w/w O-MWCNT/PVOH 
nanocomposites (a-e), and 0, 0.1, 1, 5, and 10% w/w O-SWCNT/PVOH nanocomposites 
(f-i). Each sample was imaged in replicate areas (i-iv). For the O-MWCNT/PVOH 







Figure A3.3: X-ray photoelectron spectroscopy (XPS) characterization of O-
SWCNT/PVOH nanocomposites; C(1s) region of O-SWCNT/PVOH nanocomposites 
with increasing O-SWCNT loading. The O-SWCNT component did not separate in 
binding energy from the PVOH components (CC/CH and C-OH) so quantitative 
analysis was not possible. The 100% w/w O-SWCNT peak and the CC/CH components 




Figure A3.4. Dissolution controls of 5% w/w O-MWCNT/PVOH nanocomposites with no 






Figure A3.5. Macroscopic-scale dissolution controls of 10% w/w O-MWCNT/PVOH 







Figure A3.6. Replicate CLSM images of P. aeruginosa LIVE/DEAD stained on PVOH, 
10% w/w O-MWCNT/PVOH, and 10% O-SWCNT/PVOH nanocomposite surfaces. Each 









Figure A3.8. Growth curve of P. aeruginosa in basal mineral media (BMM) at 540 nm. 






Figure A3.9. CLSM image of LIVE/DEAD stained P. aeruginosa grown statically for 6 h 




Figure A3.10. LIVE/DEAD staining and CLSM of P. aeruginosa grown statically for 1 h 




Figure A3.11. Abiotic background fluorescence controls of LIVE/DEAD stained surfaces 





Figure A3.12. PVOH, 10% w/w O-MWCNT/PVOH, and 10% w/w O-SWCNT/PVOH 
samples dipped into and out of inoculum and stained according to the LIVE/DEAD staining 
procedure to determine the degree of cell attachment during transfer of samples through 
the air-liquid interface. 
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Figure A3.13. CLSM images of LIVE/DEAD stained P. aeruginosa grown statically for 
1 h on PVOH slides for photobleaching controls. Slides were stained with both SYTO 9 
and PI (top row) and SYTO 9 only (bottom row) and imaged once and then again after 5 




Figure A3.14. CLSM images of LIVE/DEAD stained P. aeruginosa grown statically for 
1 h on 10% w/w O-MWCNT/PVOH slides for photobleaching controls. Slides were stained 
with both SYTO 9 and PI (top row), SYTO 9 only (middle row) and PI only (bottom row) 
Slides were imaged once and then again after 1 min to check for changes in fluorescence 




Figure A3.15. CLSM images of LIVE/DEAD stained P. aeruginosa grown statically for 
1 h on 10% w/w O-SWCNT/PVOH slides for photobleaching controls. Slides were stained 
with both SYTO 9 and PI (top row), SYTO 9 only (middle row) and PI only (bottom row) 
Slides were imaged once and then again after 1 min to check for changes in fluorescence 





Figure A3.16. SYPRO Ruby Biofilm Matrix stained EPS from P. aeruginosa exposed to 
PVOH, 10% w/w O-MWCNT/PVOH, and 10% w/w O-SWCNT/PVOH nanocomposites 





Figure A3.17. Abiotic background fluorescence controls of PVOH, 10% w/w O-
MWCNT/PVOH, and 10% w/w O-SWCNT/PVOH nanocomposites stained with SYPRO 




Figure A3.18. A 1% w/w O-MWCNT/PVOH (a) nanocomposite surface in relation to the 
microorganism size (b) and CLSM image (c). The P. aeruginosa in (b) are to scale and are 
oriented to show positions in which CNT contact does not occur. In (c), examples of living 




Figure A3.19. A 1% w/w O-SWCNT/PVOH (a) nanocomposite surface in relation to the 
microorganism size (b) and CLSM image (c). The P. aeruginosa in (b) are to scale and are 
oriented to show positions in which CNT contact is minimized, but in this case almost 
always occurs. In (c), examples of living (green) cells atop of dead cells are shown at a 1 









Figure A3.21. Percentage of living cells as a function of CNT loading in PVOH 
nanocomposites. O-MWCNT and O-SWCNT/PVOH plots were both fit to a two parameter 
exponential decay, where the b parameter is roughly 3 times greater for the O-
SWCNT/PVOH samples, indicating a faster rate of cell death at increasing CNT loadings. 
 
Figure A3.22. Comparison of CNT surface coverage of 1% w/w O-MWCNT (a) to 1% 
w/w O-SWCNT in PVOH (b). Since the O-MWCNTs are roughly 15 times larger in 
diameter, there are approximately 15 times more O-SWCNTs than O-MWCNTs in a given 
nanocomposite area, assuming ideal length and dispersion quality, meaning greater CNT-




Figure A3.23. ICP-MS Y calibration curve (sum of counts) of dissolved Y standards used 
to determine the concentration of released yttrium ions from autoclaved milli-Q water used 
to submerge duplicate 10% w/w O-SWCNT/PVOH (1&2) for 1 h. Concentrations shown 
in the table were extremely low, at the detection limit of the instrument and each 




Figure A3.24. CLSM images of LIVE/DEAD stained P. aeruginosa grown statically for 
1 h on a hydrophobic poly-ɛ-caprolactone surface. 
 





Appendix 4. Biofilm Development on Carbon Nanotube/Polymer Nanocomposites 
 
This work was co-written with the following authors and is adapted from following the 
published work: 
 
Goodwin, D. G., Xia, Z., Gordon, T. B., Gao, C., Bouwer, E. J., & Fairbrother, D. H. 
(2016). Biofilm Development on Carbon Nanotube/Polymer Nanocomposites. 
Environmental Science: Nano. 
 
A4.1. MWCNT Oxidation 
Pristine MWCNTs were oxidized by adding 1 gram of MWCNTs (Nanocyl 
NC7000, outer diameter 9.5 nm, 1.5 µm length, 90% purity) to 0.3 M HNO3 and 
refluxing for 5 h at 110 °C. The resulting O-MWCNTs were washed with deionized 
water continuously until the pH of the filtrate reached 7 and then dried in an oven (Forced 
Convection Oven, Felisa Ovens, Zapopan, Jalisco, Mexico) overnight at 80 °C.1 The O-
MWCNTs had an oxygen content of 4.1% as determined by X-ray photoelectron 
spectroscopy (XPS) (PHI 5600 XPS, 58.7 eV pass energy, 0.125 eV/step, Mg Kα X-rays) 
and CasaXPS software (Teignmouth, UK). 
A4.2. Octadecyltrichlorosilane (OTS) Modification of Glass Slides 
A4.2.1. Reaction of OTS with Glass Slide Surfaces 
Glass slides (1 x 25 x 75 mm, FisherBrand Frosted Microscope Slides, Cat #12-
550-13) were first soaked in detergent solution (Alconox, Cat #1004) for 30 min and then 
rinsed with Milli-Q water. Slides were next etched with 4.0 M NaOH for 30 min, rinsed 
with Milli-Q water, and dried in a uniform stream of nitrogen gas. Subsequently, the 
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clean glass slides were placed in a gravity convection oven (Model 16 GCA, cat.# 31477, 
Precision) at 85 °C and dried overnight. The next day, slides were immersed in a 0.2% 
v/v OTS/hexane (95% GR ACS, Cat #HX0302-3, EMD) solution for 30 min and then 
ultra-sonicated in hexanes followed by ethanol to remove excess OTS and hexanes, 
respectively. Slides were then dried with a uniform stream of nitrogen, put in the oven at 
85 °C for 30 min, and autoclaved.2-5 
A4.2.2. Characterization of OTS Modification 
XPS analysis of OTS-modified slides revealed a decrease in the Si(2p) signal and 
an increase in the C(1s) signal compared to a native glass microscope slide, consistent 
with the expectations of OTS modification. Specifically, we used the equation, 𝒅𝒅 =
𝝀𝝀𝒄𝒄𝒐𝒐𝟐𝟐𝜽𝜽 𝐥𝐥𝐥𝐥 �𝑰𝑰𝟎𝟎
𝑰𝑰
�,6 where λ is the inelastic mean free path of the silicon (2p) photoelectron 
from the literature (2.7 nm),7 θ is the take-off angle (54.7°), (I0/I) represents the fractional 
change in the Si(2p) signal after OTS modification, and d is the depth of the OTS 
overlayer. The decrease in Si(2p) signal was indicative of a film approximately 1 nm 
thick over a large sample area (0.8 x 2 mm). These results indicate that the glass slide 
was sufficiently coated by an OTS layer to allow the CNT/PCL samples to attach to the 
underlying support. A lack of CNT/PCL detachment in aqueous media in all aspects of 
this study provided further evidence that the OTS layer firmly adhered the CNT/PCL to 
the OTS-modified glass surface. 
A4.3. Preparation of PCL and CNT/PCL Samples  
A4.3.1. Spray-Coating PCL and O-CNT/PCL Nanocomposites on OTS-modified Glass 
Slides for Biofilm Studies 
To prepare CNT/PNC samples, OTS-modified glass slides were placed onto a hot 
plate (Fisher Scientific™ Isotemp™ Basic Stirring Hotplates) at 85 ˚C and sprayed with 
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approximately 4 mL (200 sprays) of CNT/PNC casting solution at a pressure of 30 PSI 
using a Badger 200 Single Action, Internal Mix Series Air-brush (Badger Air-Brush Co. 
Franklin Park, IL). Two slides were placed in a row and sprayed together from a distance 
of approximately 15 cm.  After spray-coating, samples were immediately put into 
separate sterile containers. Spray-coating was performed inside a sterile biosafety cabinet 
(Labconco Purifier Class II Biosafety Cabinet) as shown in Figure A4.2.  
A4.3.2. Slow-drying Thicker CNT/PCL Nanocomposites for Photolysis 
To prepare thicker CNT/PCL nanocomposites suitable for photolysis, the 2% w/w 
O-MWCNT/PCL casting solution was added in 5 mL aliquots to aluminum dishes (44 
mm diameter, 12.5 mm height, Fisherbrand) and the CNT/PCL samples were 
subsequently generated by solvent evaporation overnight. Once the CNT/PCL 
nanocomposites had dried, they were peeled from the aluminum dishes. 
A4.3.3. Spray-Coating CNT/PVOH Nanocomposites for SEM 
As a comparison to O-MWCNT/PCL nanocomposites, the surface structure of an 
O-MWCNT/PVOH nanocomposite with the same O-MWCNT loading was imaged using 
SEM. To prepare these O-MWCNT/PVOH nanocomposites, a 2 mg/mL stock PVOH 
solution (Sigma Aldrich, Mw=31,000-50,000, 98%-99% hydrolyzed) and a 0.05 mg/mL 
O-MWCNT stock suspension (NanoLab Inc., PD15L5-20-COOH, Lot. # 06-16-10, outer 
diameter 15 ± 5 nm, length 5-20 µm from the manufacturer) were combined aseptically 
to prepare a casting solution containing 2% w/w O-MWCNT/PVOH. A pure PVOH 
solution was also prepared as a reference. These casting solutions were then shaken 
vigorously, sonicated for 5 min, and added to spray bottles. Autoclaved glass slide pieces 
(1 cm2) were placed onto a hot plate at 150 ˚C and sprayed 30 times (1.07 mL/spray ± 
0.05 mL/spray) from a consistent distance (approximately 25 cm) in 10 s intervals to 
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flash dry the casting solution upon contact. All spray-coating was carried out inside a 
sterile biosafety cabinet (Labconco Purifier Class II Biosafety Cabinet).  
A4.4. SEM Analysis 
For SEM analysis, PCL, CNT/PCL, PVOH, and CNT/PVOH nanocomposites 
were spray-coated onto 1-cm2-sized OTS-modified glass pieces according to the 
procedures described in Section I of the experimental section and sputter-coated with 
platinum (Quorum Technologies Polaron SC7640 Auto/Manual High Resolution Sputter 
Coater, 12 mA/800V plasma current, and ~3 min at 0.5 nm/min) to prevent charging 
under the electron beam. A cold-cathode field emission scanning electron microscope 
(JEOL 6700F, 10 keV, 8.0 nm working distance, LEI & SEI detectors) with a 1.0 nm 
resolution at 15 keV was used to image samples. For each sample, replicate images (≥ 5 
images) of random areas across the surface were taken. To demonstrate sample-to-sample 
consistency, 2% w/w O-MWCNT/PCL nanocomposites were spray-coated on different 
occasions and imaged. 
A4.5. Microbial Frozen Stocks 
To prepare the frozen stocks, cells were grown in LB broth (Lennox, Fisher 
Scientific) overnight at 37 °C to the exponential phase. The cell suspensions were 
distributed into 1 mL Eppendorf tubes with sterile glycerol (10% v/v final concentration) 
and stored at -80 °C. 
A4.6. Basal Mineral Media (BMM) Composition 
BMM contained 7.18 mM K2HPO4, 2.79 mM KH2PO4, 0.757 mM (NH4)2SO4, 
0.0406 mM MgSO4*7H2O, and 0.5 v/v% trace elements solution (3.75 mM H3BO3, 
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0.0605 mM ZnSO4*7H2O, 0.0296 mM FeSO4(NH4)2SO4*6H2O, 0.034 µMCoSO4*7H2O, 
26 µM (NH4)6Mo3O24*4H2O, 32 µM CuSO4*5H2O, and 36 µM MnSO4*4H2O). 
A4.7. LIVE/DEAD Staining and Biofilm Imaging 
A4.7.1. LIVE/DEAD Staining Procedure 
The LIVE/DEAD biofilm viability kit consists of two nucleic acid molecular 
probes: green-fluorescent SYTO 9 to stain living cells and red-fluorescent propidium 
iodide (PI) to stain dead cells. An aqueous stain stock solution was prepared containing 3 
µL of 3.34 mol/L SYTO 9 in dimethylsulfoxide (DMSO) and 3 µL of 20 mmol/L 
propidium iodide (PI) in DMSO for every 1 mL of autoclaved Milli-Q water.8 This stock 
solution was shaken and covered with aluminum foil to minimize light exposure to the 
photosensitive stains. After an experiment, samples were transferred to a 20 mL depleted 
media (DM) bath to remove loosely adhered cells by holding the frosted end of the 
underlying glass slides with forceps since this was an area of the sample that was never 
imaged. Immediately after removal from DM, 0.5 mL of the aqueous stain stock solution 
was added gently to the samples and left to sit for 20 min in the dark. Samples were then 
washed, stained, washed, and coated in VectaShield in a staggered fashion and 
immediately brought to the Integrated Imaging Center at JHU for imaging. 
Several staining procedures were followed that were utilized in our previous 
study. These included prevention of sample dry-out during the staining process, washing 
samples with depleted media to maintain ionic strength and prevent lysis, and complete 
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thawing of the frozen LIVE/DEAD stain stocks to ensure the proper concentrations of 
stains were used.  
A4.7.2. Confocal Laser Scanning Microscopy (CLSM) Imaging  
CLSM imaging was performed using a Zeiss LSM 510 Multiphoton Confocor 3 
laser scanning microscope (Carl Zeiss, Germany) in the Integrated Imaging Center at 
JHU. Images were obtained using a 40x water immersion objective with a 1.2 numerical 
aperture (N.A.). A 488 nm Argon laser (30 mW at 5% output) to excite the SYTO 9-
stained cells and a 543 nm He/Ne laser (1.2 mW) to excite PI-stained cells were used in 
dual channel mode. The gains were adjusted using the brightest red and green cells in the 
range indicator mode: this was possible since the biofilms always contained a small 
number of living and dead cells. Images were obtained using ZEN software (Carl Zeiss, 
2009, Thornwood, NY). 
A4.8. LIVE/DEAD Staining Controls 
A4.8.1. Background Staining Controls 
PCL, 2% w/w O-MWCNT/PCL, and photodegraded 2% w/w O-MWCNT/PCL 
samples were LIVE/DEAD stained in the absence of P. aeruginosa. This allowed the 
CNT/PNC contribution to the fluorescence background to be assessed. A small amount of 
background fluorescence was present for all three PCL-containing samples, although the 
laser gains had to be increased by approximately 10% on these confocal image to obtain a 
visibly fluorescent image.9 Additionally, the background fluorescence faded during 
imaging which was not the case for the biofilms imaged in this study. Nevertheless, care 
was taken to eliminate any contribution from PCL or CNT fluorescence by choosing the 
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lower boundary of the confocal stack based on a strong fluorescent signal and clear 
evidence of microbial shapes. 
A4.8.2. OTS Staining Control 
OTS-modification of glass slides is often used in studies involving 
microorganisms and has not been shown to cause cell death.10, 11 Nevertheless, to ensure 
OTS had no cytotoxic effect on P. aeruginosa, OTS slides were inoculated under static 
conditions for 6 h, a sufficient length of time to coat the OTS slides with microorganisms. 
Samples were LIVE/DEAD stained and imaged in replicate areas according to the 
protocol used in this study (Figure A4.16). In line with expectations, results from these 
studies revealed that minimal cell death occurred on OTS-modified glass surfaces. 
A4.9. Confocal Image Analysis 
A4.9.1. COMSTAT 2 Analysis of Biofilm Images 
Since SYTO 9 stains all biofilm cells while PI only stains dead cells, the green 
fluorescent (SYTO 9) channel was chosen to determine biomass and biofilm thickness. 
Since SYTO 9 only weakly fluoresces in dead cells, the green fluorescent signal 
threshold was increased to 150 for COMSTAT 2 analysis to ensure all biofilm cells were 
counted. Connected volume filtering was used to exclude planktonic cells in the biofilm 
analysis.12-14 
A4.9.2. Manual Thickness Measurements of Confocal Images for Comparison to 
COMSTAT 2 Analysis 
To validate the COMSTAT 2 results, the COMSTAT 2 thickness analysis was 
compared to manual thickness measurements using ImageJ software (NIH, Bethesda, 
MD) for PCL and 2% w/w O-MWCNT/PCL samples under both DFR and static 
conditions. Manual thickness measurements were made in five areas of each biofilm 
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using the side view of each reconstructed XYZ projection. At least 6 replicate side views 
were measured and averaged for each biofilm regime. The dead layer thicknesses were 
also measured manually for the red fluorescent microbial layer that formed under drip 
flow reactor conditions (Figure 4.2) and for the red-fluorescent microbial layer that 
formed on the photodegraded CNT/PCL nanocomposites (Figure 4.5). Only manual 
thickness measurements were made for the photodegraded CNT/PCL nanocomposites 
because COMSTAT 2 analysis of the biofilm coating was not possible with the curved 
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Figure A4.1. Characterization of O-MWCNTs by a) XPS and b) TEM. Using the TEM 
images, an O-MWCNT diameter distribution of 9.4 ± 1.2 nm was calculated as the 




Figure A4.2. Octadecyltrichlorosilane-modified glass slides spray-coated with PCL, 




Figure A4.3. The setup used to spray-coat the CNT/PNC casting solutions onto OTS-
modified glass slides. 
 
Figure A4.4. An illustration depicting the simulated weathering of CNT/PNCs. 2% w/w 
O-MWCNT/PCL nanocomposites were photolyzed in the presence of H2O2 to 





Figure A4.5. SEM images of PCL samples in replicate areas. 
 
 
Figure A4.6. SEM images of 2% w/w O-MWCNT/PCL samples. The top row and 
second row are SEM images from two separately prepared samples. Each row contains 






Figure A4.7. SEM images of 2% w/w O-MWCNT/PVOH (a-c) samples in replicate 
areas as well as pure PVOH (d) for reference. 
 
 





Figure A4.9. SEM of thick 2% w/w O-MWCNT/PCL nanocomposites (replicate areas) 




Figure A4.10. SEM image of a 2% w/w O-MWCNT/PCL nanocomposite surface after 
an attempt to remove attached biofilms with sodium polyphosphate. Despite treatment, 




Figure A4.11. Drip flow reactor setup (a) with a side view of the negative angle used to 






Figure A4.12. Abiotic background fluorescence controls of LIVE/DEAD stained PCL 
and 2% w/w O-MWCNT/PCL nanocomposite surfaces. Gains were adjusted 
approximately 10% higher than those used for biofilm-containing samples to make the 
background staining slightly more visible in the images. 
 
 
Figure A4.13. Abiotic background fluorescence controls of LIVE/DEAD stained 2% 
w/w O-MWCNT/PCL nanocomposite surfaces that had been photodegraded. Gains were 
adjusted approximately 10% higher than those used for biofilm-containing samples to 




Figure A4.14. CLSM images of LIVE/DEAD stained biofilms on glass slides grown 
under static conditions for 2 weeks (similar to Regime 3 in Figure 4). Replicate areas of 




Figure A4.15. CLSM images of LIVE/DEAD stained biofilms on glass slides grown 
under DFR conditions for 72-96 h (similar to regime 4 in Figure 2). Replicate areas of the 




Figure A4.16. CLSM images of LIVE/DEAD stained biofilms grown on OTS-modified 
glass slides under static conditions for 6 h. Minimal cell death occurred as indicated by 



























Figure A4.17. CLSM images of biofilms on PCL and 2% w/w O-MWCNT/PCL at 
Regimes 1-4 grown in the drip flow reactor. The top row of each 4-panel set represents 
replicate images from one sample while the bottom row represents replicate images from 
a second sample inoculated on a different occasion. The biofilms grown on PCL in each 
regime correspond to the 2% w/w biofilms by row; these biofilms on PCL were grown at 




Figure A4.18. CLSM images of biofilms on PCL and 0.5% w/w O-MWCNT/PCL grown 
in the drip flow reactor to Regime 4 (22 ± 3 µm thickness for PCL). The top row 
represents duplicate images (different sample areas) of biofilms grown on PCL (a and b) 
at the same time and under the same conditions as the duplicate images (different sample 






















Figure A4.19. CLSM images of LIVE/DEAD stained biofilms on PCL and 2% w/w O-
MWCNT/PCL at Regimes 1-3 grown under static conditions. The biofilms grown on 
PCL in each regime correspond to the 2% w/w biofilms below for each 4-panel set; these 
biofilms on PCL were grown at the same time and under the exact same conditions as 





Figure A4.20. Replicate CLSM images of LIVE/DEAD stained P. aeruginosa exposed 
for 1 h to photodegraded 2% w/w O-MWCNT/PCL nanocomposites. Replicates are from 




Figure A4.21. CLSM images of LIVE/DEAD stained P. aeruginosa exposed for 2 weeks 
to photodegraded 2% w/w O-MWCNT/PCL nanocomposites with the acetate food source 







Figure A4.22. Replicate CLSM images of LIVE/DEAD stained P. aeruginosa after 1 h 
of initial attachment (left) and 6 h of static growth on different areas of 2% w/w O-
MWCNT/PCL nanocomposite samples. The progression from 1 to 6 h shows the initially 




Figure A4.23. Replicate CLSM images of LIVE/DEAD stained P. aeruginosa after 1 h 






Figure A4.24. Illustration of biofilm development on 2% w/w O-MWCNT/PCL 




Table A4.1. Comparison of manual and COMSTAT 2 biofilm thickness measurements as well as biomass volume 
measurements on PCL and 2% w/w O-MWCNT/PCL under DFR (a) and static conditions (b). COMSTAT 2 biofilm thickness 
and biomass volume measurements on 0.5% w/w O-MWCNT/PCL under DFR conditions (c) and dead layer analysis of 
biofilms grown on 2% w/w O-MWCNT/PCL nanocomposites in regime 3 and 4 (DFR) as well as on 2% w/w photodegraded 










Scheme A6.1. Preparation, inoculation, and distribution of PCL triol/basal mineral media 
solutions to flasks containing carbon nanotube (CNT)/poly-ɛ-caprolactone (PCL) 
nanocomposites paired with internal PCL references. 
A6.2. Replicate Scanning Electron Microscopy (SEM) images of PCL and 
CNT/PCL Nanocomposites 
 





Figure A6.2. SEM images of replicate 0.5% w/w slightly oxidized multi-wall CNT (LO-
MWCNT)/PCL nanocomposites before biodegradation. 
 
Figure A6.3. SEM images of replicate 2% w/w LO-MWCNT/PCL nanocomposites 
before biodegradation. 
 
Figure A6.4. SEM images of replicate 5% w/w LO-MWCNT/PCL nanocomposites 
before biodegradation. 
 





Figure A6.6. SEM images of replicate 0.5% w/w multi-wall (MWCNT)/PCL 
nanocomposites before biodegradation. 
 
Figure A6.7. SEM images of replicate 2% w/w MWCNT/PCL nanocomposites before 
biodegradation. 
 
Figure A6.8. SEM images of replicate 5% w/w MWCNT/PCL nanocomposites before 
biodegradation. 
 
Figure A6.9. SEM images of replicate 5% w/w MWCNT/PCL nanocomposites used for 




Figure A6.10. Mass loss of 0.1 and 0.5% LO-MWCNT/PCL nanocomposites relative to 
mass loss of an external PCL reference as a result of P. aeruginosa biodegradation in 3 
g/L PCL triol/BMM solution. The R2 for each CNT loading is an average of fits (one fit 
shown) for at least three replicates. 
 
Figure A6.11. 0.1 and 0.5% w/w LO-MWCNT/PCL nanocomposites and their paired, 
internal PCL reference before and after 26 weeks of P. aeruginosa biodegradation.  
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Table A6.1. The effect of CNT loading on the rate of mass loss for replicate internal PCL 
references (paired with LO-MWCNT/PCL nanocomposites) during P. aeruginosa 
biodegradation. Rate constants were extracted from exponential rise fits of the PCL mass 
loss profiles. 
  kPCL (weeks-1) Std. Dev. R2 Std. Dev. 
PCL-1 0.1422   0.98   
PCL-2 0.1845   0.99   
PCL-3 0.0927   0.97   
PCL-AVG 0.1398 0.0375 0.99 0.00 
          
0.1% w/w-1 0.1108   0.90   
0.1% w/w-3 0.0962   0.98   
0.1% w/w-4 0.0389   0.95   
0.1% w/w-AVG 0.1035 0.0073 0.94 0.03 
          
0.5% w/w-2 0.0743   0.98   
0.5% w/w-4 0.1722   0.98   
0.5% w/w-AVG 0.1233 0.0490 0.98 0.00 
          
1% w/w-1 0.2061   0.90   
1% w/w-2 0.0768   0.84   
1% w/w-3 0.4347   0.94   
1% w/w-4 0.1385   0.91   
1% w/w-AVG 0.2140 0.1354 0.90 0.04 
          
2% w/w-1 0.0651   0.99   
2% w/w-2 0.0828   0.97   
2% w/w-3 0.0809   0.95   
2% w/w-4 0.0777   0.95   
2% w/w-AVG 0.0766 0.0069 0.96 0.02 
          
5% w/w-1 0.0336   0.95   
5% w/w-2 0.0386   0.75   
5% w/w-3 0.0649   0.95   
5% w/w-4 0.0467   0.99   
5% w/w-AVG 0.0460 0.0119 0.91 0.09 
          
10% w/w-1 0.0467   0.98   
10% w/w-2 0.038   0.93   
10% w/w-3 0.0434   0.97   
10% w/w-4 0.0373   0.83   




Table A6.2. The effect of CNT loading on the rate of mass loss for replicate LO-
MWCNT/PCL nanocomposites during P. aeruginosa biodegradation. Rate constants 
were extracted from exponential rise fits of the CNT/PCL nanocomposite mass loss 
profiles. 
  kCNT/PNC (weeks-1) Std. Dev. R2 Std. Dev. 
0.1% w/w-1 0.0228   0.98   
0.1% w/w-3 0.0326   0.99   
0.1% w/w-4 0.0206   0.93   
0.1% w/w-AVG 0.0277 0.0049 0.97 0.03 
          
0.5% w/w-2 0.0397   0.98   
0.5% w/w-4 0.0562   0.95   
0.5% w/w-AVG 0.0480 0.0083 0.96 0.01 
          
1% w/w-1 0.0556   0.98   
1% w/w-2 0.0282   0.94   
1% w/w-3 0.0435   0.99   
1% w/w-4 0.0435   0.99   
1% w/w-AVG 0.0427 0.0097 0.98 0.02 
          
2% w/w-1 0.0265   0.99   
2% w/w-2 0.0292   0.99   
2% w/w-3 0.0256   0.99   
2% w/w-4 0.0246   0.94   
2% w/w-AVG 0.0265 0.0017 0.98 0.02 
          
5% w/w-1 0.0156   0.92   
5% w/w-2 0.0165   0.58   
5% w/w-3 0.0194   0.94   
5% w/w-4 0.0226   0.91   
5% w/w-AVG 0.0185 0.0027 0.84 0.15 
          
10% w/w-1 0.0127   0.99   
10% w/w-2 0.0141   0.91   
10% w/w-3 0.0137   0.96   
10% w/w-4 0.0138   0.89   




Figure A6.12. Mass loss of a 0.5% MWCNT/PCL nanocomposite relative to mass loss of 
an external PCL reference as a result of P. aeruginosa biodegradation in 3 g/L PCL 
triol/BMM solution. The R2 for each CNT loading is an average of fits (one fit shown) 
for at least three replicates. 
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Table A6.3. The effect of CNT loading on the rate of mass loss for replicate internal PCL 
references (paired with MWCNT/PCL nanocomposites) during P. aeruginosa 
biodegradation. Rate constants were extracted from exponential rise fits of the PCL mass 
loss profiles. 
  kPCL (weeks-1) Std. Dev. R2 Std. Dev. 
PCL-1 0.1422   0.98   
PCL-2 0.1845   0.99   
PCL-3 0.0927   0.97   
PCL-AVG 0.1398 0.0375 0.99 0.00 
          
0.1% w/w-1 0.0696   0.95   
0.1% w/w-2 0.0562   0.98   
0.1% w/w-3 0.1131   0.77   
0.1% w/w-4 0.0473   0.91   
0.1% w/w-AVG 0.0716 0.0218 0.90 0.08 
          
0.5% w/w-1 0.0559   0.97   
0.5% w/w-2 0.0272   0.81   
0.5% w/w-3 0.0293   0.93   
0.5% w/w-4 0.0448   0.94   
0.5% w/w-AVG 0.0504 0.0056 0.91 0.06 
          
1% w/w-1 0.0506   0.68   
1% w/w-2 0.0901   0.88   
1% w/w-3 0.0525   0.92   
1% w/w-4 0.0633   0.46   
1% w/w-AVG 0.0641 0.0158 0.74 0.18 
          
2% w/w-1 0.0360   0.99   
2% w/w-2 0.0210   0.85   
2% w/w-3 0.0465   0.83   
2% w/w-4 0.0735   0.88   
2% w/w-AVG 0.0443 0.0192 0.88 0.06 
          
5% w/w-1 0.0600   0.97   
5% w/w-2 0.0640   0.79   
5% w/w-3 0.0390   0.96   
5% w/w-4 0.0841   0.81   




Table A6.4. The effect of CNT loading on the rate of mass loss for replicate 
MWCNT/PCL nanocomposites during P. aeruginosa biodegradation. Rate constants 
were extracted from exponential rise fits of the CNT/PCL nanocomposite mass loss 
profiles. 
  kCNT/PNC (weeks-1) Std. Dev. R2 Std. Dev. 
0.1% w/w-1 0.0610   0.92   
0.1% w/w-2 0.0334   0.99   
0.1% w/w-3 0.0708   0.99   
0.1% w/w-4 0.0662   0.98   
0.1% w/w-AVG 0.0579 0.0049 0.97 0.03 
          
0.5% w/w-1 0.0232   0.94   
0.5% w/w-2 0.0190   0.80   
0.5% w/w-3 0.0188   0.90   
0.5% w/w-4 0.0143   0.89   
0.5% w/w-AVG 0.0188 0.0045 0.88 0.05 
          
1% w/w-1 0.0332   0.58   
1% w/w-2 0.0288   0.99   
1% w/w-3 0.0267   1.00   
1% w/w-4 0.0374   0.99   
1% w/w-AVG 0.0315 0.0041 0.89 0.18 
          
2% w/w-1 0.0157   0.97   
2% w/w-2 0.0199   0.85   
2% w/w-3 0.0318   0.55   
2% w/w-4 0.0301   0.71   
2% w/w-AVG 0.0244 0.0068 0.77 0.15 
          
5% w/w-1 0.0316   0.78   
5% w/w-2 0.0185   0.61   
5% w/w-3 0.0197   0.99   
5% w/w-4 0.0223   0.97   





Appendix 7. Mixed Culture Biodegradation of Carbon Nanotube/Polymer 
Nanocomposites 
 
A7.1. Aerobic Mixed Culture Setup Using Primary Effluent 
 
Figure A7.1. Primary effluent (10% v/v) added to basal mineral media (BMM) (right) for 
distribution (middle) to flasks containing carbon nanotube/polymer nanocomposites 






Figure A7.2. Replicate solution blended PCL and multi-wall CNT (MWCNT)/poly-ɛ-
caprolactone (PCL) nanocomposite samples containing primary effluent/BMM (10% v/v 
primary effluent) run in sacrifice mode. 
 
 
A7.2. Pictures of Solution Blended MWCNT/PCL Nanocomposites Before and 




















Figure A7.3. Solution blended PCL and MWCNT/PCL nanocomposites a) before and b) 
after >100 d aerobic mixed culture (primary effluent) biodegradation. Triplicate PCL, 
0.1, 0.5, 1, 2, and 5% w/w MWCNT/PCL nanocomposites are shown, respectively. 
 
A7.3. Pictures of Melt-Mixed MWCNT/PCL Nanocomposites Before and After 


















Figure A7.4. Melt-mixed PCL and MWCNT/PCL nanocomposites a) before and b) after 
>230 d aerobic mixed culture (primary effluent) biodegradation. Triplicate PCL, 0.1, 0.5, 




Appendix 8. The Effect of Polymer Type on Carbon Nanotube/Polymer 
Nanocomposite Biodegradation  
 
A8.1. Scanning Electron Microscopy (SEM) Replicates 
 
Figure A8.1. The structure and surface morphology of polyhydroxyalkanoates (PHA) 
(5% w/w ethyl cellulose (EC)) taken in a-b) replicate areas and on a c) separately 
prepared PHA sample before biodegradation using SEM. 
 
Figure A8.2. The structure and surface morphology of 5% w/w multi-wall 
(MWCNT)/PHA nanocomposites taken in a-b) replicate areas and on a c) separately 
prepared MWCNT/PHA nanocomposite sample before biodegradation using SEM. 
 
Figure A8.3. The structure and surface morphology of 10% w/w MWCNT/PHA 
nanocomposites taken in a-b) replicate areas and on a c) separately prepared 




Figure A8.4. The structure and surface morphology of 5% w/w MWCNT/PHA 
nanocomposites after aerobic mixed culture biodegradation in primary effluent taken in 
a-b) replicate areas and on a c) separately prepared MWCNT/PHA nanocomposite 
sample using SEM. 
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